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ABSTRACT 

We discuss the relative merits of mid- infrared and X-ray selection of type-2 quasars. We 
describe the mid-infrared, near-infrared and radio selection criteria used to find a pop- 
ulation of redshift z ~ 2 type-2 quasars which we previously argued suRRCsts tha t most 
super massive black hole growth in the Universe is obscured IjMartinez-Sansigre et al.L 
l2005(l . We present the optical spectra obtained from the William Herschel Telescope, 
and we compare the narrow emission line luminosity, radio luminosity and maximum 
size of jets to those of objects from radio-selected samples. This analysis suggests that 
these are genuine radio-quiet type-2 quasars, albeit the radio-bright end of this pop- 
ulation. We also discuss the possibility of two different types of quasar obscuration, 
which could explain how the '^2-3:1 ratio of type-2 to type-1 quasars preferred by 
modelling our population can be reconciled with the ~1:1 ratio predicted by unified 
schemes. 
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1 INTRODUCTION 

For a long time, a population of obscured (type-2) radio- 
quiet quasars has been postulated from modelling the hard 
(energies Js 1 keV) X-ray backgro und as the sum of the e mis- 
sion from extragalactic sources. IComastri et al.l lll995ll as- 
sumed a population of absorbed active galactic nuclei (AGN: 
in this paper we use the term to encompass both Seyferts 
and quasars), with the same intrinsic spectrum and evolu- 
tion as unobscured AGN, but with a range of obscuring Hy- 
drogen column densities, A''h, between 10^^ and 10'^® m~^. 
The resuhing best-fit ratio for absorbed {Nn > lO^^'^ m"^) 
to unabsorbed {Nn < lO^'''^ m"^) AGN was found to be 
~3:1. The model assumed the same distribution of obscuring 
column densities and redshifts for the low-X-ray luminosity 
objects (Z/x < 10^^ W; the Seyferts) and the high-X-ray 
luminosity objects (Lx > lO'^^ W; the quasars), including 
a population of highly obscured AGN (the Seyfert-2s and 
type-2 quasars). ^^^.^^^ ^^_ 

According to unified schemes JAntonuccl Il993r . type-2 
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quasars would consist of quasars with the symmetry axes 
perpendicular to the observer's line of sight, so that the 
dusty torus around the accretion disk would be viewed edge 
on, obscuring the optically-bright accretion disk. The gas 
present in this torus will obscure the X rays via photoelec- 
tric absorption and Compton scattering. This unfavourable 
orientation means type-2 quasars do not outshine their host 
galaxy at (rest-frame) ultra-violet or optical wavelengths, 
as is the case with the unobscured (type-1) quasars. Type-2 
quasars are therefore indistinguishable from normal galaxies 
in optical imaging surveys. If the torus has a half-opening 
angle of ^ 40°, as ap pears to be the case in radio-loud sam- 
ples (e.g. IWillott et al., 2000), the population of type-2s is 
expected to be comparable in size to the type-1 population 
and not to outnumber it by a factor of ~3. 

A modification to the standard un ified scheme is the 
"receding torus" model (lLawrencelll99lfl in which the more 
luminous AGN sublimate the dust in the inner edge of the 
torus out to larger distances than the less luminous AGN. 
This leads to a larger opening angle for more luminous AGN, 
so the fraction of type-1 quasars increases as a function of 
bolometric luminosity. Such luminosity dependence of the 
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type-2 to type-1 rati o is indeed found, for example, in radio- 
selected sa mples bv | Willott et al.1 l|2000(), in X-ray-selected 
samples bv lUeda e t al. (2003), and in spectroscopically se- 
lected samples by jSiinpsori ( 2005)) . 

More recent modelling of the hard X-ray background 
has consistently shown signs of a largo population of ob - 
scured AGN (Wilman & Fabian, 1999; W orslev et alll2005l) 
and synthesis models have generally required a tvpe-2 to 
type-1 ratio ~ 3 - 4:1 JCilh et all l200ll : lueda et alllJOO^ 
iTreister fc Urrvll2005fl . However, the bulk of the sources re- 
quired to fit the unresolved X-ray background have moder- 
ate redshifts {z = 0.5 — 1) and X-ray luminosities (Lx ~ 
10"^^ W) characteristic of Seyferts rather than quasars. The 
latest studies of the hard X-ray background indeed suggest 
a luminosity-dependent Compton-thin-type-2 to type-1 ra- 
tio, which decreases to ^ 1:1 at the higher luminosities cor- 
responding to quasars ijUeda et al.L |2003 ; Trcistcr & Urrv, 
l2005h . The true type-2 to type-1 ratio will remain unknown 
until the Compton-thick population is unveiled. 

Deep hard X-ray surveys h ave now revealed a large pop- 
ulation of obscured AGN (e.g. [Alexander et al.L 1200 3). but 
again most of these sources have moderate X-ray luminosi- 
ties (Lx < 10'^^ W) and are better described as Seyfert- 
2s rather than type-2 quasars. Amongst objects with X-ray 
luminosities large enough to qualify as quasars, the ratio 
of type-2 to type-1 objects appears to be only ~1:1 (e.g. 
IZheng et al.L 12004') . although redshift completeness at faint 
optical magnitudes (niR, > 23, Vega) may still be an issue. 
Despite the great progress with the deep hard X-ray sur- 
veys, at high energies (above 6-8 keV) only ~ 50% of the 
X-ray background is accounted for by individual sources, 
suggesting a substantial population of Compton-thick AGN 
which contribute to the hard X-ray backgrou nd but are miss- 
ing fr om current flux-limited X-ray surveys l| Worslev et al.L 
l2005h . Indeed, a good example is the type-2 quasar IRAS 
FSC 10214-1-4724: this object foun d in an IRAS 60 /xm sur- 
vey iJRowan-R.obinso n et ^lj. ll991rl. has recently been found 
to be Compton-thick JAlexander et al.Ll2005h . 

An alternative strategy for looking for type-2 ob- 
jects is to look for the mid-infrared emission. IRAS FSC 
10214 -1-4724 at z ~ 2.3, is a classic type-2 object (e.g 
ISerieant et al.L ll99Si) . However, due to the limited sensi- 
tivity of IRAS, this object was only detected due to a 
huge gravitat ional lens magnification (~ 50) of the fiux 
IjBroadhurst fc Lehar. 1995) . The dramatic increase of mid- 
infrared sensit i vity a llowed by the Spitzer Space Telescope 
IjWerner et alll2004^ means that similar objects can now be 
found without the 'benefit' of gravitational lensing, and mid- 
infrared selection should be sensitive to the Compton-thick 
quasars missed by X-rays. 

Following the success of mid-infrare d selection in find- 
ing typ e-2 radio-quiet quasars at 2 ~ 0.5 JLacv ct all l2004l 
|20053), we combined data from t he Spitzer M IPS instrument 
at 24 /xm (JMarleauet al., 2004: iFadda et al.L l2006l) . IRAC 
at 3.6 fira JLacv et all 12005 , ') and from the V ery Large Ar- 
ray (VLA) at 1.4 GHz iCondon et alJ. |2003^ and devised 
strict selection criteria to hunt for higher redshift type-2s 
(Martinez-Sansigre et al., 2005). The trade-off between our 
method and X-ray selection, is that our quasars are intrin- 
sically more luminous than AGN found in the deep hard 
X-ray surveys. 

The format of this paper is as follows. In Section |5| 



we compare X-ray and mid-infrared selection of obscured 
quasars. In Sectionj^we explain in detail the selection crite- 
ria which we used to find our sample of type-2 quasars. Sec- 
tion |1] deals with the observations while Section [^describes 
the optical spectra and Section|S|compares the spectroscopic 
and photometric redshifts. In Section we make the first 
composite radio-quiet type-2 spectrum. Section |H| is dedi- 
cated to comparing our sample to the well studied radio-loud 
samples. Finally, SectionElsummarises and discusses the im- 
plications of this population of type-2 quasars. Throughout 
this paper we adopt a ACDM cosmology with the following 
parameters: h = ii"o/(100 km s"^ Mpc^^) = 0.7; n^ = 0.3; 
^A = 0.7. 



COMPARISON BETWEEN X-RAY AND 
MID-INFRARED SELECTION 



In the unified scheme for AGN (jAntonucci 1199.31 ) . the cen- 
tral engine is surrounded by a torus of dust which will ob- 
scure the broad-line region from certain lines-of-sight. The 
optical classification for quasars is that type- Is should show 
broad lines (and strong optical-UV continuum) while the 
type-2s are those objects where the dusty torus is obscuring 
the broad line region, so only narrow lines are seen. This 
clas sification is concerne d with the optical/UV properties, 
and lSimpson et aki il999ft found that the dividing extinction 
for radio-selected (3CR and 3CRR) objects corresponded 
to Ay ^ 5, with a low fraction of objects with ^v in the 
ran ge 5-15 and a la r ge fra ction with A\r ^ 15. Note also that 
the ISimpson et alJ (Il999h study found that most type-Is 
(^v ^ 5) had ^v ~ 0, with only a small fraction lightly 
reddened {Av ^ 1 — 5). Gas and dust are responsible for 
obscuring the X-rays emitted from the central engine, and 
the geometrical distribution of the gas is almost certainly 
different from that of the dust. It is possible to imagine 
lines-of-sight which "graze" the dusty torus, leading to small 
amounts of extinction in the optical, but which go through 
significant additional amounts of gas. Such a line-of-sight 
would lead to a quasar classified as "reddened" (not type-2) 
in the optical {Av ~ 1-5) but as type-2 (JVh ^ 10^'' m'^) in 
X-rays. The converse situation, where an optically obscured 
quasar is barely absorbed in X-rays, is harder to envisage: 
any line of sight that passes through significant amounts of 
dust will lead to significant absorption in the X-rays. It is 
therefore unlikely that optical type-2 quasars will have neg- 
ligible X-ray absorption. However, in edge-on sources, the 
nuclear soft X-ray emission can plausibly be scattered from 
an optically thin material located above or below the plane 
of the torus, leading to an optically-obscured AGN with a 
soft X-ray spectrum. Finally, obscuring material in the host 
galaxy of the AGN can further complicate interpretation. 
Independently of the orientation of the torus, dust and gas 
in the host galaxy can cause extinction and absorption with 
a huge range in Av and A^h. 

X-ray and optical definitions of obscured AGN are 
therefore slightly different and the range of gas-to-dust ra- 
tios found by comparing dust-reddening in the optical or 
near-infrared and X-r ay absorption suggests they are not 
always m atched (e . g. [ Willott et all l2003al : lUrrutia et all 
2005; Wil kes et aU |2005^ . We note that we have used a 
mid-infrared plus radio selection, but since the role of the 
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radio criterion was to avoid non-AGN contaminants (see 
Section I^J, in this Section we can proceed to consider 
our technique as basically mid-infrared selection. The ef- 
fect of adding the radio flux density cuts is to constrain 
the type-2 quasars selected to those at the high end of 
the radio-to-op t ical c orrelation for radio-quiet quasars of 
Cirasuolo_et_alJ ||200J), as des cribed in in Section |3| and in 



Martinez-Sansigre et al.l^l2005^ . It is of course plausible that 



radio luminosity correlates in some complicated way with 
joint mid-infrared, X-ray detectability but we ignore this 
possibility here. 

This section aims to compare the "merits" of mid- 
infrared and X-ray selection by considering a model quasar 
(described in section I^TTl with varying amounts of dust ex- 
tinction (section 12.2^ and different gas-to-dust ratios (sec- 
tion |T3). We also consider the effects of different types of 
dust (section 12. 511 and the orientation dependence of 24-pm 
emission (section l2. 6^ . 

2.1 Model quasar 

We choose this quasar to have Mb ~ —25.7 since this 
corresponds to the br eak in the optical quasar luminos- 
ity function at z = 2 (|Croon^^lJj_l2004') , t he redshift o f 
interest in the analysis in iMarti'nez-S ansigrc et al.l i200El) . 
The model quasar is assumed to have an intrinsic unred- 
dened type-1 spectral energy distrib ution (SED), which 
we take from iRowan-Robinsonl (|l993) • This model covers 
the range between the (rest-frame) far-infrared and 4 keV. 
We need to complement this with a spectral energy dis- 
tribution or SED that g o es int o the hard X-rays, so we 
assume the iMadau et alJ l|l99j) spectrum with the form 
Ljy oc !/~°'^exp( — i//i'c) with hfc = 360 keV. This intrin- 
sic unabsorbed type-1 spectrum is chosen as it was used by 
[Wilman & Fabian (1999) for the models we use for absorbed 
X-ray spectra. This is practically a flat X-ray SED, and in 
the range probed by observations at 24 urn (for z ^ 5), the 
SED is also flat {L„ ex v' ^ so uL^, ex v'^). We ch oose the 
normalisation to match the lRowan-RobinsonI (|l993) SED at 
2keV. 



2.2 Obscuration by dust 

Starting with this type-1 SED, we proceed to model the ob- 
scuration of it with dust and gas. In recent times, the type 
of dust present in typ e-1 quasars (from the SDSS sample of 
iRichards et all l2002h has been described as "grey" and al- 
ternatively as similar to that of the Small Magellanic Clouds 
(SMC). Grey dust shows a relatively flat extinction law in 
the optical and UV, while SMC-type dust is characterised 
by a steep increase in the extinction at UV wavelengths. 
Milky Way (MW)-type dust has a UV extinction law which 
sits in between that of gre y and SMC. Richards ct al. (2003) 
and lHopkins et ali i2004ft have found the dust in the SDSS 
type-1 sample to be close st to that found in th e SMC, while 
ICzernv et all (|20o3) and ICaskell et all Jiooi) argued that 
extinction curves flatten in the UV (grey dust). However, 
[Willott ( 2005) has shown this implication of grey dust to be 
a selection effect. The main selection effect arises from mea- 
suring dust-reddening from a composite constructed from a 
flux limited sample: the UV part of the composite is con- 
structed from the higher redshift quasars, which will only 



make the sample if they are intrinsically brighter and have 
very little extinction due to dust. This leads to a negative 
correlation between E(B — V) and redshift, so that different 
parts of the composite spectrum are dominated by quasars 
with different amounts of dust. The result is a derived dust 
extinction curve which appears to flatten in the UV (see 
Willott, 2005, for more details). 

We use the extinction curves from Pei" (1992), with the 
extinction at (observed) 24 /im given in terms of the extinc- 
tion at rest-frame visual band. Ay, and a particular dust 
type. The quasars in the SDSS sample are all type-Is, and 
the dust discussed in the above paragraph is not necessarily 
associated with the torus. The SMC has sub-solar metal- 
licity, while the nuclear regions around quasars have solar 
or super-solar metallicities, with dust properties probably 
closer to the MW. The effects of different types of dust are 
secondary compared to the gas-to-dust ratio, yet important, 
so we assume MW-dust in Figure Q and discuss the effect of 
large magellanic cloud (LMC) and SMC-type dust in Section 
12.51 and in Figure |5| Dust extinction is small at rest-frame 
24 ^m, yet the extreme obscuring columns present in the 
torus and the large redshifts discussed here mean that dust 
obscuration is not necessarily negligible at observed 24 /im. 
In particular, the 9.7 pm silicate absorption feature can have 
a very important effect on observed 24-/im flux density at 
z ^ 1.5 (and this feature is significantly deeper for SMC- 
type dust than for MW-type dust. Figure |2|l. 

2.3 X-ray absorption 

In contrast to dust extinction, which increases with redshift. 
X-ray absorption decreases at higher frequencies, meaning 
X-ray samples benefit from a "negative K-correction" . The 
X-ray spectra of heavily absorbed quasars can only be mod- 
elled correctl y via Monte-Ca r lo sim ulations, so we use the 
models of Wi lman fc Fabianl il999f) . These assume the in- 
trinsic unabsorbed type-1 spectrum metioned earlier, and 
assume an Fe abundance 5-times solar, which provides a 
better fit to the hard X-ray backround. The particular mod- 
els which we use here ignore the reflection component of 
X-ray spectra, as it has little effect on our discussion, and 
have a 2% scattered component. The obscuring column of 
Hydrogen, responsible for both types of absorption, is given 
here as a function of Ay by assuming a gas-to-dust ratio. 

The Milky Way is known to have a gast-to-dus t ratio 
such that JVh = 1.9 x 10^^ m"^ x Ay jBohUn et al.L Il978l. 
note this is per magnitude of extinctio n in V band) , while the 
SMC has A^H = 1.8 x 10^® m^^ x Ay (iBouchet et al.. 198^). 
Many AGN have bee n found to have higher gas-to-dust 
ratios than the MW JMaiolino et al.l I2OOII: IWillott et all 
l2004h . We therefore choose two representative values for the 
gas-to-dust ratio. The MW value is sometimes used as a 
"standard" gas-to-dust ratio. To show the effects of higher 
gas-to-dust ratios, we note that, for example, NGC 32 81 has 
a value of N h = 3.2x10^*^ m"^xAv (|simeso3|l9983), while 



lUrrutia et al. (2005) study one object with A^h ~ 7.7 x 10^^ 
m-2 X Ay (FTM1004+1229, assuming a factor R = 3.0, the 
average between the SMC and MW factors, to convert be- 
tween E{B-V) and ^v)- We therefore choose A^h = 5 x 10^*^ 
m~^ X Ay as a realistic higher value to illustrate the effect of 
different gas-to-dust ratios. This is not claiming we encom- 
pass the whole range in gas-to-dust ratios, but is chosen to 
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Figure 1. Hard X-ray flux {S'2_iokev) versus 24-/im flux density 
('S'24 ^m) as a function of redsliift for the model quasar described 
in Section!^ The tracks have the redshifts labelled at the positions 
marked with black dots at z = 0.5, 1, 2, 3 and 5, and they show 
the effect on the quasar of MW-type dust with two different gas- 
to-dust ratios: A^h = 1-9 X 10^® m~^ X Ay (Milky-Way, top two 
hues) and A^h = 5 x 10"^" m"^ X Ay (bottom two lines). Two 
tracks are drawn for each gas-to-dust ratio, Ay = 5 and 50 for 
the MW gas-to-dust ratio and Ay = 5 and 30 for the higher gas- 
to-dust ratio. The legend shows the combination of Ay and A^h 
[in logl0(AfH/m~^)] for each track. For the larger Ay, the 9.7 
/im silicate absorption feature can be seen as a "meander". The 
dashed straight lines mark the limits for deep surveys covering 
large areas (^ 4 — 5 deg'^), while the solid straight lines show 
the limits for the GOODS fields, ultra-deep surveys which cover 
~ 0.1 deg^. As an example of the large area Spitzer surveys, we 
have taken the flux density limit for 24-iim from the FLS (flux 
limit from Martinez-Sansigre et al., 2005, catalogue from Fadda 
et al., 2006), w hile the X-ray flux is taken from the ASCA survey 
of lUeda et al] Esaa)- For the deep er GOODS surveys, t he 24-/xm 
flux density limit is as quoted bv | Treis ter et al.l |200g) and the 
X-ray flux limit is from lAlexander et alJ l2003r . We note that the 
latter is actually in the 2-8 keV band (not 2-10 keV quoted here) 
but this relatively small difference does not alter our argument. 
Finally, the dotted lines are for the SXDF limit, a deep survey 
which has ~1 deg^ of deep X-ray data with 24-/^m data from 
SWIRE LLonsdale et al..200a . Ueda et al. in prep). 



illustrate how mid-infrared and X-ray selection are affected 
by variations in gas-to-dust ratio. The higher value of gas- 
to-dust ratio A'^H = 5 x 10^" m~^ x Ay is high enough for 
an Ay = 20 type-2 quasar to be Compton-thick. 



2.4 Comparison 

Figure shows the X-ray flux in the 2-10 keV band 
(S2-iokcv) versus the 24-^m flux density (S24/jm) for type- 
2 quasars with a range in Ay. MW-type dust is used to 
obscure the 24-/im emission, and two different gas-to-dust 
ratios are used. The top set of curves are for a MW gas-to- 
dust ratio {Nn = 1.9 x 10^^ m"^ x Ay), while the bottom 
curves are for A''h = 5 x 10^'' m^^ x Ay. For the higher 
value of Ay, the 9.7 fj,m silicate absorption feature can be 
seen as a "meander" . The caption in Figure Q details the 
survey limits used for comparative purposes. 

The effect of dust at observed 24 fim is small in the 
range 5 ^ Ay ^ 50. However, it is important to note that at 
Ay ~ 50, type-2s will start to drop out of 24-/im selection 
(for the larger area surveys) at 2 ~ 1.5 (due to the silicate 
absorption) and at 2 <; 2.5 due to significant dust extinction 
at the shorter rest-frame wavelengths. For larger values of 
^v, the width of the silicate absorption line means type- 
2s in the range 1.3 ^ 2 ^ 1.7 drop out of the sample. As 
long as the Ay is < 50, the model type-2 quasar would be 
detectable by the l arge area 24- f im surveys at 2 ;$ 3 (FLS and 
SWIRE surveys: iFadda et all 120061 : iLonsdale etall I200I 
respectively). 

In the ~ 5 deg^ X-ray ASCA survey (lUeda et allll999l) 
with flux limit 10~^^ W m~^, the model type-2 quasars with 
A'h ^ 2 X lO^'^ m~^ are hardly affected by the absorption, and 
would be detected at 2 < 2. For A^h ~ 3 x 10^'' m"^ only 
2^1.5 type-2s are detected, and the ASCA survey would 
not have the sensitivity to detect Compton-thick quasars 
with TVh ^ 1 X 10^** m~^ above 2 = 0.5. 

Since 24-/im selection becomes poor for objects with 
Ay Jj 50 and X-ray selection fails for objects with TVh ^ 10^'* 
m~^, we can see clearly how the gas-to-dust ratio determines 
which of the two selections is better. For surveys covering 
a large area (~ 4 — 5 deg'^), 24- /im selection will be able 
to pick out type-2s with A'h ^ lO'^* m~^ as long as they 
had Ay ;$ 50. Therefore, for AGN with gas-to-dust ratios 
like that of the MW or higher, 24-/im selection would fare 
better than X-ray selection in these surveys. However, we do 
not know exactly the selection biases in measuring these gas- 
to-dust ratios, so the possibility of large numbers of AGN 
with gas-to-dust ratios lower than the MW is not excluded. 

For such a gas-to-dust ratio, significantly lower than 
the MW (e.g. a tenth of the MW value), only quasars with 
Ay ^ 50 would be classified as type- 2s by X-ray observa- 
tions. An extreme Ay ^ 5000 would be required for the 
quasars to be Compton-thick. Such objects would not be 
detected by the larger area mid-infrared samples, and there- 
fore X-ray selection would be more sensitive. 

This model type-2 would be detected in the GOODS 
fields at the whole range of redshifts conce rned here, both at 
24 fj,m and at 2-10 keV (sur vey fiuxes from [Alexander et al.l 
120031 : iTreister et al.L l2006l for X-ray and 24-/im respec- 
tively). So although the Compton-thick quasars have not 
been detected in the ASCA survey, they are, in theory X- 
ray detectable in the GOODS survey. The reason they have 
not been found in large numbers is probably an issue of 
space density, as our model type-2 is rare and large areas 
are required to find significant numbers of these objects. 
GOODS therefore has the required sensitivity to find hard- 
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Figure 2. Curves showing the ratio of transmission for two dust 
types (LMC and SMC) ov er th e trans mission for MW-type dust, 
using the dust models of iPeil ll992^ , and given two values of 
Ay- The transmission is here defined as T = 10~ -^ "■^. We use 
A = 23.7 /im/(l + z), the central wavelength of the MIPS instru- 
ment at 24 fim, accounting for the redshift. Ax is parametrised as 
a function of Ay and is dependent on the type of dust. We plot 
and label curves for Ay =1 and 10, and include LMC as well as 
SMC-type dust for comparative purposes. The different extinc- 
tion curves show that, given an Ay, the different types of dust 
would have significantly different mid-infrared properties, and in 
particular, type-2 quasars with SMC-type dust will be more dif- 
ficult to detect in a 24-/jm survey than those with MW-dust. At 
2^3 the difference becomes small, but around z ~ 1.5 SMC-type 
dust has very deep silicate absorption feature which would make 
type-2s drop out of flux-limited surveys. 



X-ray-selected Compton-thick type-2 quasars at all redshifts 
z ;$ 5, but they do not cover the area required for this. 

Since the hard X-ray background is dominated hy z = 
0.5 — 1 Seyfert-2s, and since Seyferts have a higher space 
density than quasars, a large area is not as crucial. However, 
Seyfert-2s will have typical fluxes ^ 10 — 100 times fainter 
than our model type-2 quasar, and therefore, at all redshifts 



will have Sx ^ 10" 



-10" 



W m~^. This was, of course, already known, as the deep 
X-ray surveys in GOODS have not been able to find a pop- 
ulation of Seyfert-2s large enough to account for the hard 
X-ray backround. This has been explained by a bias against 
the most heavily obscured AGN both by X-ray observations 
and optical spectroscopy JTreister et all 1200411 . and our ar- 
gument is consistent with this. 

Thus, to find all type-2 quasars (even the Compton 
thick ones), one requires a survey with a 2-10 keV flux limit 
of about 10"^* W m~^ over a reasonably large area. There- 
fore, the SXDF survey (horizontal dotted line: Ueda et al. in 
prep.), which covers ~1 deg^ to this depth, should be able 
to find X-ray-selected Compton thick quasars. Comparing 
to the SWIRE depth, we can see that in the region of the 
SXDF, X-ray selection would be more sensitive than 24- 
Hm selection, while still being able to find powerful type-2 
quEisars. 

For Compton-thick objects, the X-ray selection func- 
tion is almost flat for 0.5 ^ « ^ 2. The redshift-distribution 
of Compton-thick type-2s in a survey deep enough to find 



Figure 3. Est imate of A_Fx at A = 2Atira (observed) as a fraction 
of -Fbol for two lCranato &: Danesj (l99^ models with the follow- 
ing parameters: the density has no radial dependence (/3 = 0), a 
covering fraction of 0.8, ratio of outer radius rm to inner radius 
of torus To (where ro ~ 1 pc), Tm/ro = 100 (top two curves) 
and Tm/fo = 1000 (bottom two curves). The equatorial optical 
depth at 0.3 fj,m, To is 80 (corresponding to Ay Ri 50). The dotted 
line is for an AGN viewed pole-on (a type-1) while the solid line 
is for an edge-on view (tvpe-2 ). The reason why the cur ves only 
have a few points is that the ICranato &: Danesd Jl994h models 
have few data points at the relevant range of wavelengths, and 
therefore further smoothing of the curves would be an overinter- 
pretation. This shows that the 24-^m flux is roughly a constant 
fraction of -Fbol between 2 ^ z $ 4 for both type-1 and type-2s. 
In this range of redshifts, 24-/im is therefore a good wavelength 
to select AGN independent of orientation. Once again we see the 
problems caused by the silicate absorption at z ~ 1.5. At very 
high redshifts (z ^4), observed 24- /xm is now a relatively short 
wavelength in the rest-frame, meaning obscuration by dust starts 
to have an increasingly large effect. The curves for both rm/fo 
ratios are very similar, except for a normalisation, showing this 
argument holds for a range of torus sizes. 



them would therefore be dominated by the volume of the 
survey as a function of redshift and the evolution of the 
luminosity function. This means that X-ray surveys deep 
enough to be sensitive to Compton-thick type-2 quasars 
should find a wealth of 1 ;$ z ;$ 2 objects. Coincidentally, 
this would be complementary to 24-/xm surveys, as the mid- 
infrared surveys would struggle to find heavily obscured 
type-2s {Ay ^50), especially in the range around z ~ 1.5. 



2.5 Dust type 

A second-order effect for mid-infrared selection is the type 
of dust obscuring the AGN, which is particularly important 
in the range 1.2 ^z ^1.8 due to the varying depth of the 
silicate absorption feature. Figure|21shows the ratio of trans- 
mission (see Figure caption), at observed 24-/im, for MW- 
and SMC-type dust. It shows clearly that for z^3 SMC- 
type dust will cause more absorption in the mid-infrared, 
in particular around 9.7-/im rest-frame (z ~ 1.5). Thus if 
the dust obscuring type- 2s is more like the dust in the SMC 
than in the MW, then mid-infrared selection might perform 
slightly worse than expected from Figure As mentioned 
earlier, the dust reddening type-1 quasars has been found to 
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Figure 5. Radio conto urs overlayed over the 3.6-/xm and R-band images for tlie sample (images from lCondon et al.Ll2nn.'«lFadda et all 
l2004HLacv et al.Ll200!j) . In each pair of overlays, the 3.6-/im image is on the left (with the name of the source) and the R-band on the 
right. Radio contours are plotted at -2a,2cT and subsequently at 2""tT up to 2^(7, where a is the rms noise of the radio image {fs 23 
/ijy). The gray scale has been chosen to overcome the high dynamical range and highlight faint objects. Faint grey pixels have values 
3-times that of the noise. 



be more similar to SMC-dust, but that does not necessarily 
mean that the dust present in the obscuring torus is also 
SMC-type dust. 



2.6 Orientation of the quasar 

The analysis is mainly concerned with 24 fj,m selection of 
objects at z ^ 5, so we are seeing light reprocessed by dust 
in the torus at a range of temperatures, T = 120 — 725 
K. We now use the resul ts of a radiative transfer code by 
iGranato fc Danesd 111994) to investigate the orientation de- 
pendence of observed 24-pm emission. In FigureElwe quan- 
tify the fraction of the bolometric luminosity, Lboi, seen at 
24- ^m as a function of redshift. For a pole-on unreddened 



source (necessarily a type-1), this fraction is approximately 
constant between 2 ;$ z ;$ 5, while for an edge-on source (a 
type-2 with Ay « 50), the fraction is similar to that of a 
type-1 and approximately constant in the range 2^z^4. 
At higher values of z, the observed 24-/im corresponds to 
emitted wavelengths ( ^ 5^m) at which the dust is becoming 
progresively more opaque. Around z ~ 1.5 the silicate fea- 
ture is seen in emission by the type-1 and absorption by the 
type-2, so the observed 24-/im emission is not a very good 
indicator of Lboi. We can therefore conclude that 24- /im is 
a good indicator of bolometric luminosity at 2 ;$ z ;$ 4 and, 
as shown in Figure |3 this result is not strongly dependent 
on the assumed size of the torus. 
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Figure 5. Continued 



2.7 Summary 

To summarise, we have discussed the advantages of mid- 
infrared selection over hard X-ray selection. For gas-to-dust 
ratios similar to those found in the Milky Way, X-ray selec- 
tion is superior, and can probe further down the luminos- 
ity function. However, many AGN have gas-to-dust ratios 
significantly larger than the MW. We have seen in this sec- 
tion how type-2 quasars with A^h = 5 x 10^'' m~^ x A\f 
would naturally drop out of existing large-area X-ray sam- 
ples without requiring extreme optical obscuration {Ay ^ 20 
would be enough). We have seen that hard X-ray selected 
samples are in principle able to find even Compton-thick 
type-2s, but they require a combination of depth and area 
that is only just becoming available. We have also seen that 
dust-type is important, but mainly in the range l'^z^2 
(due to the 9.7-jUm silicate absorption feature being more 
pronounced for certain dust types). Using the results of a 
radiative transfer code, we have also seen that (observed) 
24-/im luminosity is a constant tracer of type-2 bolometric 



luminosity in the range 2 ^ z ^ 4. Therefore, 24-/xm selec- 
tion is a natural starting place to look for the population of 
high-redshift type-2 quasars missing from X-ray surveys. 



3 SELECTION CRITERIA 

Our aim was to find the elusive high redshift type-2 pop- 
ulation around t he peak in the quasar activity, z^2 (e.g. 
I Wolf et all l2003l) , and for this we used the following selec- 
tion criteria: 

(i) 524 Mm > 300 AtJy 

(fi) S3. 6 Mm ^ 45 ^Jy 

(iii) 350 fiJy < Si. 4 ghz ^ 2 mjy 

3.1 Datasets 

The work described in this paper was all done in the Spitzer 
Extragalactic First Look Survey (FLS). Three separate cat- 
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Figure 5. Continued 



alogues were cr oss-matched for t he initial selection: the 
IRAC 3.6 um JLacy et all l20n!^^ and the MIPS 24 ^m 
JMarleau et al.L 12004 iFadda et al.l l2006ll from the Spitzer 
First Look S urvey and the 1.4 GHz catalogue from the 
NRAO VLA ijCondonet all 1200.1 ). The flux limits used for 
3.6 Atm, 24 /xm and 1.4 GHz were 20, 300 and 100 /ijy re- 
spectively. 

Over the area with coverage in all three bands (3.8 
deg^), the radio and 24-/im catalogues were matched, to 
select all sources detected at 24-/im and within the radio 
flux cuts. The chosen sources were then contrasted with the 
3.6 fj,m catalogue, to obtain their flux densities in this IRAC 
channel. However, objects were not required to be detected 
at 3.6 ^m to be kept in the candidate list. All matching 
was done with a 2.5 arcsec tolerance to allow for positional 
offsets between catalogues. 

In addition, in this paper we use tabulate R-band mag- 
nitudes from data from the 4-m Mayall Telescope Kitt-Peak 
National Observatory ( Fadda et al. , 2004 ) and we also make 
use of a Westerbork Synthesis Radio Telesc ope deep survey 
at 1.4 GHz in the Spitzer First Look survey JMorganti et al.L 
I2OO4I) . However, these two datasets were not used to select 
the candidate type-2 quasars. 



3.2 Mid-infrared criteria 

The mid-infrared criterion 524 ^im > 300 pJy was chosen 
to select a flux-density-limited sample of active galaxies. At 
lower redshifts, a 24-^m selected sample would be domi- 



nated by starbursting galaxies, but combined with the 3.6- 
^m selection (which ensured high-redshift objects, see be- 
low), this 24-/im flux limit should yield powerful AGN. 
The 5*24 fim > 300 /xjy criterion is the flux-density limit 
from a preliminary catalogue, and is actually a 7-a limit 
in the 24-/jm final catalogue from the Spitzer FLS data 
jMarleau et al.L l2004l: iFadda et all I2OO6I) . At ^ = 2, this 
corresponds to an emitted 8-fira luminos ity Lg um = 10^^ "^ 
W H z~^. Assuming a typical type-1 SED JRowan- RobinsonL 
[l99i), this is Lb = 10^^'^ W Hz'^ or Mb = -23.8. At z = 2, 
the break in the quas ar luminosity functi on, V^^asar^ has a 
value of i\fB = -25.7 JCroom et all l2004l . with Pure Lumi- 
nosity Evolution) , so our 24- /jm selection will select quasars 
^ 0.2 L'^uasar at 2 = 2, aud more luminous quasars at higher 
redshifts. As explained in Section |5| the selection becomes 
more complicated at 2 < 2 due to the silicate absorption, so 
we restrict our discussion to z ^ 2. The peak of the quasar 
activity occurred around z^ 2 and by targeting the quasars 
around the "break" we are sensitive to the part of the pop- 
ulation that contributes most of the luminosity density. 

Quasars a r e con sidered as being type-2 if Av ^ 5 
iSimpson et all [l993), and such an amount of extinction 
will make the observed near-infrared emission of type-2s 
much fainter than that of type-Is. The 3.6-/im criterion was 
therefore chosen to remove naked (type-1) quasars as well 
as lower redshift (2^1.4) type-2s. At 2: ^ 2 the detected 
3.6-/im flux density corresponds to light emitted at A ^ 1.2 
^m so dust extinction ensures that type-2 quasars are much 
fainter than type-1 quasars, even for a moderate Ay- Indeed, 
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Figure 4. Mid-infrared selection criteria plotted on observed 
spectral energy distributions (SED). The 24- /xm criterion is shown 
as a lower limit, and the 3.6-/im criterion as an upper limit. The 
solid lines represent quasars at 2: = 2 bright enough to make the 
24-/im flux cut. T he upp er solid line is a type-1 quasar (SED from 
lRowan-Robins onlll995r . while the lower solid line is a type-2 with 
A\[ = 5. A type-1 quasar just bright enough to make the 24-/.tm 
cut will be too bright at 3.6 /xm (once the host galaxy contribution 
is added). The dashed SED represents a 2.6L* elliptical galaxy at 
2 = 1.4 f from iBruzual fc Charloli l2003r . where it becomes just 
faint enough to make it fall below the 3.6-/.im cut. The dotted 
hne is the ULIRG NGC 7714 redshifted to 2 = 0.4 (SED from 
iBrandl et al.ll2004^ . which would meet our mid-infrared criteria 
if it lay between z = 0.25 and z = 0.4. 



the Sa.e/jm emission is likely to be dominated by starlight 
for Av ^ 10, and since hght at 3.6-/im is dominated by the 
old stellar population, there will be an Ss.e^m — z corre- 
lation, analogous to the K — z relation fo r radio galaxies 
jJarvis et all l2001bl: IWillott et all l2003bl) . A typical host 
galaxy for a, z = 2 radio-quiet q uasar is the progenitor of 
a ^ 2L*^; JKukula et all I2OOU) galaxy in the local Uni- 
verse, so we adapt the K — z relation (which corresponds 
to ~ 3L*£j; hosts for radio galaxies) t o ^ 2L*„, hosts at 
3.6-A^m . To do this, we use the models of lBruzual fc Charloli 
i2003r to form an elliptical galaxy at z = 10, assign it a 
(stellar) mass and allow it to evolve passively. This allows 
us to predict the 3.6 pm flux as a function of redshift, for an 
elhptical galaxy of this given mass, and hence obtain a rough 
photometric redshift. The stellar mass of the galaxy was set 
to 3.8 X 1O"M0, and in iMartincz-Sansigrc ct al. (2005) we 
quoted this as correspondin g to ^ '2L*g^i. If we assume a 
Salpeter IMF JSaloeteil IToBk) and take Mk = -24.3 from 
the fitting of Schechter functions by iCole et alll200ir . then 



our assumed stellar mass translates to a 2.6L*^; galaxy. This 
is the host (elliptical) galaxy lumi nosity assumed to obtain 
the rough photometric redshifts in iMartinez-Sansigre et alJ 
(|2005) and in this paper. The criterion Ss.e ,jm =^ 45 /iJy cor- 
responds to a limiting photometric redshift Zphot ^ 1-4. This 
was chosen to target 2: ~ 2 type-2 quasars, while allowing 
for scatter in the crude photometric redshift estimation and 
filtering out type-1 quasars and low-redshift contaminants 
like radio galaxies. 

The combination of these criteria is illustrated in Fig- 
ure ^ It shows the observed spectral energy distributions of 



two z = 2 quasars (model from iRowan- Robinsonl llOOST . 
a type-1 and a type-2 (th e latter obscured by Ay = 5, 
dust model from Pei, 1992). A 2.6L* elliptical galaxy from 
Bruzual fc Chariot ( 2003 ) is alos plotted at 2 = 1.4, showing 
how the 3.6-/im criterion serves also as a crude photometric 
redshift cut. 



3.3 Radio criterion 

The radio selection criteria is added to ensure that the candi- 
dates are quasars rather than starburst galaxies. The 3.6-/im 
- 24-/im "colour" demanded by our criteria can be achieved 
by lower redshift (2 < 1) ultra luminous infrared galaxies 
(ULIRGs). For example, NGC 7714 would satisify these cri- 
teria if it wore at 2 = 0.25 — 0.4 (see Figure 0] SED from 
iBrandl et al.. 2004) and the more luminous ULIRG Arp 220 
if it where at 2 = 0.5 — 0.7. In the absence of AGN radio 
activity, the radio flux densities of such object s would fol- 
low the far-IR/radio correlation (ICondonll 19921) . and hence 
would have values of Si. 4 gh ^ 50 (for ULIRGs at 2 ~ 0.3) 
and 500 /xJy (for more powerful ULIRGs at 2 ~ 0.6). 

To avoid such starburst contaminants, we chose a 
lower limit on 5*1.4 ghz which also excludes higher-redshift 
(submillimetre-selected) starburst galaxies without the ben- 
efit o f strong gravitational lensing (e.g. IChapman et al.L 
I200I. For a 2 ~ 0.6 ULIRG to have S1.4 gh > 350 ^Jy, 
it would require a far-infrared luminosity of Lpir ^ 1 x 10^^ 
Lq. Objects with this far-infrared luminosity are rare in 
space-density (Sanders fc Mirabel, 1996), and the comoving 
volume probed at 2 ~ 0.6 by 3.8 deg^ is such that ;$ 1 con- 
taminants would be expected in our sample. 

An upper limit on Si. 4 ghz was also used to filter out 
the radio-loud objects, whose extended jets might compli- 
cate interpretation. The radio flux-density cut introduced 
here will sel ect the radio-bright end of the radio-quiet quasar 
population (ICirasuolo et all l2003l) . so these objects can be 
described as radio-intermediate. In addition, the Sa.Gfim cri- 
terion includes objects without IRAC detections which we 
expect to have the highest redshifts. Since the 24-/im po- 
sitions are accurate t o ~ 1 arcsec, the FLS radio positions 
(ICondon et all l2003l) . accurate to ~ 0.5 arcsec, were also 
better for spectrosocopic follow-up. 

The two simple infrared criteria together with radio se- 
lection were chosen over an IRAC colour requirement be- 
cause the latter criterion would have selected type- 2s with a 
narrow range in Ay and 2. Our three criteria represent a sim- 
ple way of selecting type-2 quasars and allow the modelling 
necessary to estimate the quas ar fraction at high redshift 
(iMartinez-Sansigre et alll2005l) . 

After these selection criteria, we were left with 21 candi- 
date high-redshift type-2 quasars (see Table |5J, which were 
followed up spectroscopically (as described in Section llj. 
Note that all our candidates were originally selected from 
the preliminary 3.6 and 24 /xm catalogues, but have had 
their fluxes slightly revised and the flux densities quoted are 
the final ones. This explains why two candidates are slightly 
outside the selection boundaries. We also note that although 
the R-band (Vega) magnitudes are not part of our selection 
criteria, they are consistent with optically obscured quasars 
in high-redshift host galaxies. At 2 = 1.4, our model ellipti- 
cal galaxy would have ttir = 23.3. 
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Name 


RA 


Doc 


Date 


Airmass 


PA 


Slit 




(J2000) 




Observed 




/deg 


/arcsec 


AMSOl 


17 13 11.17 


+59 55 51.5 


15/07/04 


1.17 


103 


1.5 


AMS02 


17 13 15.88 


+60 02 34.2 


14/07/04 


1.37 


149 


2.0 


AMS03 


17 13 40.19 


+59 27 45.8 


14/07/04 


1.17 


114 


1.5 


AMS04 


17 13 40.62 


+59 49 17.1 


14/04/05 


1.18 


36 


2.0 


AMS05 


17 13 42.77 


+59 39 20.2 


14/07/04 


1.47/1. 56iy 


98 


2.0 


AMS06 


17 13 43.91 


+59 57 14.6 


13/07/04 


1.19 


120 


2.0 


AMS07 


17 14 02.25 


+59 48 28.8 


16/07/04 


1.22 


19 


1.5 


AMS08 


17 14 29.67 


+59 32 33.5 


15/07/04 


1.32 


128 


1.5 


AMS09 


17 14 34.87 


+58 56 46.4 


15/07/04 


1.17 


111 


1.5 


AMSIO 


17 16 20.08 


+59 40 26.5 


14/07/04 


1.20 


114 


1.5 


AMSll 


17 18 21.33 


+59 40 27.1 


16/07/04 


1.19 


76 


1.0 


AMS12 


17 18 22.65 


+59 01 54.3 


15/07/04 


1.16 


150 


1.5 


AMS13 


17 18 44.40 


+59 20 00.8 


14/04/05 


1.16 


186 


2.0 


AMS14 


17 18 45.47 


+58 51 22.5 


13/07/04 


1.20 


105 


2.0 


AMS15 


17 18 56.93 


+59 03 25.0 


15/04/05P1 


- 


- 


- 


AMS16 


17 19 42.07 


+58 47 08.9 


16/07/04 


1.25 


141 


2.0 


AMS17 


17 20 45.17 


+58 52 21.3 


15/04/05 


1.27 


117 


1.5 


AMS18 


17 20 46.32 


+60 02 29.6 


13/07/04 


1.40 


133 


2.0 


AMS19 


17 20 48.00 


+59 43 20.7 


14-15/04/05 


1.17/1.17 


170/185 


2.0 


AMS20 


17 20 59.10 


+59 17 50.5 


14/07/04 


1.22 


160 


2.0 


AMS21 


17 21 20.09 


+59 03 48.6 


15/04/05 


1.20 


84 


1.5 



Table 1. Summary of the spectroscopic observations. Most of the objects were observed in July 2004, and the spectroscopy was 
completed in April 2005. The objects were all observed with airmass < 1.5 (except AMS05), with good seeing (in the range 0.7-1.0 
arcsec). As described in Section |1] the position angles (PAs) of the slit were generally chosen to go through any other radio source in 
the field, or any bright 3.6 /xm source, to help the astrometry and identification. In some cases neither were available, or the airmass was 
high, so the PA was chosen to match the parallactic angle and therefore minimise dispersion of the blue light. [^lAMS05 was observed 
twice on the same night, at different airmasses. [■^1AMS15 was targetted in the April 2005, but the position used was slightly wrong 
(~ 0.8 arcsec) and therefore we do not consider it to have been observed. 



4 OBSERVATIONS AND DATA REDUCTION 

The 21 candidates were observed with both arms of the 
ISIS instrument at the William Herschel Telescope in July 
2004 and April 2005 (see Table 1). Low-resolution long slit 
spectroscopy was performed across the entire visible band 
(3200 A to 9300 A) using the gratings R158B and R158R, 
and the EEV12 and Marconi detectors. The 6100 A dichroic 
was used in July 2004, while in April 2005 we used the new 
5300 A dichroic. Using slit widths of 1.5-2.0 arcsec, we ob- 
tained spectral resolutions of 12-16 A in both arms. Bias, 
flat, arc, sky-flat and standard-star frames were all taken 
at the beginning and end of the night to ensure reasonable 
callibration. 

The slit was placed on the radio positions, without op- 
tical identificati on, by "blindly" offse tting from a nearby 
guide star (e.g. iRawlings et al.Lll990t) . Whenever another 
radio source was in the field, the slit angle was chosen to 
go through the source as well as our candidate. When no 
other radio sources were available, bright sources from the 
IRAC 3.6-/.im catalogue were placed in the slit. This en- 
sured multiple objects were detected in the slit, improving 
the astrometry and identification of our sources in the 2-D 
spectra. At high airmasses (~ 1.4— 1.5) we observed the ob- 
jects with slit position angles (PAs) close to the parallactic 
angle, to minimise atmospheric dispersion of the blue light. 
Each object was observed for 30 minutes with a 1-2 arcsec 
slit width, with one 1800 second exposure in the blue arm 
and two 900 second exposures in the red arm. 

The spectra were all reduced using the iraf package 
TWODSPEC LONGSLIT. The wavelength calibration was per- 



formed using CuAr+CuNe lamps and flux callibration was 
obtained from appropriate spectrophotometric stars. The 
two red frames for each object were reduced separately 
and then combined to remove cosmic rays. The ID spec- 
tra were extracted separately for the blue and the combined 
red frames, using the task APSUM. The resulting one-and 
two-dimensional spectra are plotted in Figure |S| 
AMSOl The 3.6 /^m image of this object shows it to be 
visible, although possibly confused with a galaxy just to the 
North (N) of it (see FigurelSJ. However, in the R-band image 
we see our target is distinguishable as an extremely faint 
galaxy. The two images clearly show the very red colour of 
AMSOl. There was another radio source of similar flux East 
(E) of AMSOl and so a position angle (PA) of 103 degrees 
was chosen to go through both sources. The spectrum of 
AMSOl was completely blank in a 30-minute exposure.. 
AMS02 In this case, our target is clearly visible in the IRAC 
image, but is only just detected in the R-band. The PA 
was chosen to go through another radio source, 45 arcsec 
SE of AMS02. The spectrum of our target was once again 
completely blank in a 30-minute exposure. 
AMS03 Here we see another possible source of confusion in 
the 3.6 ^m image, but the R-band image shows our source 
to be very faint but distinct from the brighter source SW 
of it. There is a nearby radio source which is confused in 
the WSRT images (see Section |5J. Here the PA was cho- 
sen to go through this other radio source 18 arcsec E-SE of 
AMS03. The two-dimensional spectrum shows a faint, dou- 
ble, spatially-extended line (~ 1.6 arcsec once deconvolved 
from the seeing), which we identify as Ly a (the redward 
line is not N V) . The spectrum shows quite a lot of structure 
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Name 


RA 


Dec 


•524^111 


'S'l.4GHz 


*-'3.6/j,m 


'-'4.5/J,m 


ma 


^phot 


•S^spcc 




(J2000) 




/MJy 


/ MJy 


/ A»Jy 


/^Jy 








AMSOl 


17 13 11.17 


+59 55 51.5 


536 


490 


25.0 


30.0 


25.1 


2.1 




AMS02 


17 13 15.88 


+60 02 34.2 


294 


1184 


44.5 


61.0 


25.3 


1.4 




AMS03 


17 13 40.19 


+59 27 45.8 


500 


1986 


16.0 


28.0 


24.4 


3.1 


2.698111 


AMS04 


17 13 40.62 


+59 49 17.1 


828 


536 


18.0 


22.0 


22.96 


2.8 


1.782 


AMS05 


17 13 42.77 


+59 39 20.2 


1769 


1038 


34.7 


61.4 


25.2 


1.7 


2.017 


AMS06 


17 13 43.91 


+59 57 14.6 


969 


444 


<20 


<25 


^25.3 


^2.5 


1.76P1 


AMS07 


17 14 02.25 


+59 48 28.8 


503 


354 


37.9 


47.8 


24.7 


1.5 




AMS08 


17 14 29.67 


+59 32 33.5 


792 


655 


41.6 


46.3 


22.48 


1.4 


1.979 


AMS09 


17 14 34.87 


+58 56 46.4 


685 


426 


25.2 


<25 


>25.3 


2.1 




AMSIO 


17 16 20.08 


+59 40 26.5 


338 


1645 


39.2 


44.7 


24.1 


1.5 




AMSll 


17 18 21.33 


+59 40 27.1 


442 


356 


32.4 


55.6 


24.7 


1.7 




AMS12 


17 18 22.65 


+59 01 54.3 


518 


946 


25.24 


<25 


23.77 


2.0 


2.767 


AMS13 


17 18 44.40 


+59 20 00.8 


4196 


1888 


24.7 


49.1 


22.89 


2.1 


1.974131 


AMS14 


17 18 45.47 


+58 51 22.5 


937 


469 


8.0 


15.0 


23.67 


4.6 


1.794 


AMS15 


17 18 56.93 


+59 03 25.0 


371 


440 


16.0 


16.0 


>25.3 


3.0 


Not Observed ["1 


AMS16 


17 19 42.07 


+58 47 08.9 


788 


390 


18.0 


21.0 


23.07 


2.8 


4.169 


AMS17 


17 20 45.17 


+58 52 21.3 


1134 


615 


10.0 


15.0 


23.80 


3.9 


3.I37I1I 


AMS18 


17 20 46.32 


+60 02 29.6 


925 


390 


<20 


<25 


23.53 


^2.5 


1.017 


AMS19 


17 20 48.00 


+59 43 20.7 


1433 


822 


<20 


26.9 


>25.3 


^2.5 


2.25PI 


AMS20 


17 20 59.10 


+59 17 50.5 


492 


1268 


45.2 


64.9 


23.80 


1.4 


[5] 


AMS21 


17 21 20.09 


+59 03 48.6 


720 


449 


25.2 


38.6 


24.2 


2.1 





Table 2. Basic da ta on the 21 type-2 quasars in our sample. The J2000.0 positions are from the Spitzer FLS radio catalogue 
iCondon et all 120031) . The MIPS 24-/im flux density 524^m is obtained by point spread function (PSF) fitting JMarleau et all |2004^ 
as all objects (except AMS16) are point sources at the ~ 6 arcsecond resolution of the MIPS observations, with positional errors ~ 1 
arcsecond. It has a typical error of ±10 — 15%. The 1.4-GHz flux density is the peak value (in Atjy per bea m) from the radio cata- 
logue. The IRAC 3.6- and 4.5-/jm flux densities are measured in 5-arcsec-diameter apertures iLacv et al.ll2005^ and have typical errors 
of ±10%. The R-band magnitudes arc measured using a 3-arcsecond diameter aperture from the images of the 4-m Mayall Telescope 
Kitt-Peak National Observatory (Fadda et al., 2004), with typical errors of 0.03 for objects with magnitude 22-23, 0.10 for objects with 
23-24 and 0.25 mags for those with magnitudes of 25. 1^1 These objects have redshifts identified from a single line, which we identified 
as Lyman-Q: in AMS03, from the amount of structure in the line, and in AMS17 from the fainter continuum blueward of the line. "1 
These two objects have redshifts from Spitzer-IRS spectroscopy from lWeedman et al. 1 2006), who give two values for the redshifts. Here 
we show the mean of the two values. P] This object was observed with Spitzer-IRS bv Yan et al.l i2005h who measured a redshift of 
z = 2.1 ± 0.1 in good agreement with our value. 1^1 As explained in Table 1, AMS15 has not really been observed spectroscopically. 1^1 
AMS20 S hows faint red continuum but no emission lines. Note there were errors in the redshifts of AMS14 and AMS18 presented in 
Table 1 of lMartinez-Sansigre et al.l i2005r and these have been corrected here, together with minor corrections to several other redshifts. 



(see Figure |HJ: there are two Ly-a lines, one at 4481 A and 
the other at 4512 A. The redward line has a full-width half 
maximum (FWHM) of ~ 500 km s^^, while the blueward 
line has a hint of absorption in the spatial centre, and has a 
greater FWHM (~ 1400 km s"^) but still narrow enough to 
qualify as a type-2 quasar. A possible interpretation is that 
the type-2 quasar resides in a Ly-a halo, and there is a large 
difference in systemic velocity for the quasar and the halo 
(or the halo is collapsing, leading to an additional redshift). 
Another possibility is associated absorption - this is present 
in small radio sources (van Ojik ct al., 1997). 

AMS04 This object is very faint at 3.6 ^m (18 /xJy) but 
reasonably bright in R-band (rriR =23). The radio emission 
around AMS04 is extended towards the NE. There is another 
distant radio source, identified at both 3.6 /^m and R-band 
further to the east. This is possibly associated with another 
extremely faint galaxy about 10 arcsec away, although the 
radio and optical positions of the adjacent radio source and 
the faint galaxy do not match perfectly. We placed the slit to 
go through both AMS04 and the other radio source. AMS04 
shows strong continuum, a spatially extended (and bright) 
Ly a as well as C III], N II] and C II] lines but nothing 
was seen associated with the extended radio emission. The 
Ly a line has an angular size of ~ 5.5 arcsec. This object 



has a redshift of 1.782, with all the redshifts from individual 
lines agreeing well (see Table |^. The fact that this object 
is not that faint in R-band is due to the continuum and 
narrow-lines at the red end of the spectrum. 

AMS05 Here we see again a source which is relatively bright 
at 3.6 /im (34 /xJy) compared to R-band (mR =25.2). The 
IRAC image is quite crowded and there is the danger of 
confusing sources, but we can see in the R-band that the 
radio position falls on a faint galaxy. This object showed an 
interesting spectrum: C IV is actually as strong as Ly a, 
and He II is also detected, but there is no continuum in the 
blue or red arm. All lines are unresolved, and the weakness 
of the Ly a may be due to it falling in the blue end of the 
spectrum while having been observed at a high airmass (see 
Table 1) and away from the parallactic angle. 

AMS06 This target is just about visible in the 3.6 pm im- 
ages, but it is not bright enough to make it to the IRAC cat- 
alogue. It is undetected in the R-band. A PA of 120°was cho- 
sen to go through the "semi-major axis" of the marginally- 
resolved radio source. The spectrum was blank at the loca- 
tion of the target source. This could be due to the entire 
galaxy being very dusty and therefore faint in the optical 
and even the infrared (see the Section (SJ or it could be a 
very high redshift source. Recently a redshift of 1.76 has 
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been obtained fr om silicate absorption and PAH emission 
with Spitzer IRS iWeedman et al.Ll200(i) . confirming this is 
a very dusty system at high redshift. 

AMS07 AMS07 is quite a red object (within our sample) 
in that the 3.6 ^m is relatively bright, whereas the R-band 
is very faint. There is another radio source 56 arcsec SW of 
the target, so the slit (with PA 19°) was made to go through 
both radio sources. The spectrum was blank at the target 
position. 

AMS08 Here we have a relatively bright source for our 
sample, both in the IRAC and R bands. A faint (slightly 
extended) radio source, 18 arcsec SE of our source, was vis- 
ible in the radio images. The slit was made to go through 
both this source and our target. AMS08 appears in the spec- 
trum, showing Ly a (~ 3.7 arcsec wide after deconvolving 
from the seeing), C IV and He II and blue continuum. 
AMS09 This is a faint source at 3.6 /im and is undetected 
in R-band. The 3.6 /xm image shows only one infrared ID for 
our radio source, but the R-band image shows there might 
be a serious confusion issue, as there are several faint sources 
near the radio position. There were two other radio sources 
in the field, one close to the N (visible in Figure|Kl and one E. 
We chose to place the slit through the eastern radio source 
(41 arcsec away) and the PA angle (119 deg) is actually 
appropriate to try and catch several of the possible optical 
IDs. There is barely a hint of continuum from AMS09 in 
the red two-dimensional spectrum and no hint of the other 
source. 

AMSIO AMSIO is a relatively bright source in the IRAC 
bands, and has ttir, =24.1. The 3.6 /im source is actually con- 
fusing two R-band sources, but the radio position is clearly 
associated to only one of the R-band galaxies. There were 
no other radio sources in the field, so we chose the PA to 
match the parallactic angle. The 2D spectrum of AMSIO is 
blank. 

AMSll This is another quite red source, relatively bright at 
3.6 ^ra and faint in R-band. There are no other radio sources 
near but the radio emission seems to be slightly extended 
in the E direction, so we chose the PA so the slit would go 
through it. AMSll was not detected by ISIS. 
AMS12 Here we have a faint source in all bands. The PA 
was chosen to go through a radio source 50 arcsec SE of our 
target. The spectrum of AMS12 shows several emission lines: 
Ly a (spatially unresolved), C IV and He II (see Table l^l 
and faint continuum. 

AMS13 AMS13 is a point-like radio source, and is quite 
faint at 3.6 /im, so we matched the PA to the parallactic to 
minimise dispersion of the blue light (even though the air- 
mass, 1.16, was not particularly high). In the 2D spectrum, 
however, it is very bright, showing spatially extended Ly a 
and C IV lines (~ 4.3 and 3.5 arcsec wide respectively) as 
well as continuum. The continuum explains why it is not 
that faint in the R-band. T he optical spectr a show AMS13 
is at a redshift of 1.974, and lYan et al.l (I2OO3) find a redshift 
of 2.1 ± 0.1 from the silicate absorption feature in their 
Spitzer-IRS spectroscopy, in agreement with our redshift. 
AMS14 This source is extremely faint in the IRAC bands 
(8 /^Jy at 3.6 /im) making us expect this to be a very high 
redshift source. A PA of 105° was chosen to go through an- 
other faint radio source 10 arcsec E of our target. The spec- 
trum, however, shows a very strong (and spatially resolved) 
Ly a line (~ 1.6 arcsec wide) as well as C IV at a redshift 



of z = 1.794. A mistake in an early wavelength calibration 
led us to mis-identify the lines and the redshift reported in 
iMartmez-Sansigre et alJ l|2003) is incorrect. 
AMS15 This is another very faint source at 3.6 /^m and 
undetected in R-band. This is a good candidate for a high- 
redshift type-2 quasar. How ever we used a slightly wrong po- 
sition (the one published in lMartinez-Sansigre et alJ (l2005h 
is off by ~0.8 arcsec) for follow-up spectroscopy. For this rea- 
son we do not consider this object to have been observed. 
AMS16 AMS16 is very faint in the IRAC bands, ahhough it 
is not extremely faint in R-band (ttir = 23.07). It has an ex- 
tended radio structure, whose central position matches the 
optical and IR positions. However, the extended emission 
matches very well two galaxies next to the source, and in 
the 24-/im image the three sources are confused, and have 
a similar structure to the radio emission. There is the pos- 
sibility that the two foreground galaxies might be lensing 
AMS16 (see Figure|3l. Two factors therefore infiuenced the 
choice of PA in this case. First, the radio emission around 
AMS16 is extended in the SE to NW direction (diagonally, 
possibly due to the two galaxies). In addition, there is a 
radio loud (51.4 ghz =21.6 mjy) type-1 quasar about an ar- 
cmin NW. By good fortune, the same angle is required to 
get the slit through the 'semi-major axis' of the extended ra- 
dio emission, the brighter foreground galaxy and the type-1 
quasar. We found Ly a (~ 2.7 arcsec), N V (~ 1 arcsec) and 
C IV (spatially unresolved) in AMS16, indicating a redshift 
of z = 4.169. The emission lines of AMS16 are all strong, 
which explains why it is not that faint in the R-band. To 
the NW of AMS16, 58 arcsec away, we found a radio-loud 
type-1 quasar, at redshift z = 3.785 (see Figure0. 
AMS17 This is another faint source in the IRAC bands, 
suggesting a high redshift, although the R-band is not par- 
ticularly faint for this sample, and the images show the op- 
tical/IR positions match perfectly the centre of the radio 
emission, with no possible sources of confusion nearby. The 
slit PA was chosen to go through another object, about 59 
arcsec SE of our target. AMS17 is indeed at high-redshift, 
as it shows one narrow line in the blue spectrum (which we 
identify as Ly a at z = 3.137) and faint continuum red wards 
of the line. The Ly a line is extended ~ 1.6 arcsec wide in 
the spatial direction, once the seeing is deconvolved. 
AMS18 Here is a source which is undetected in the IRAC 
catalogues, which suggests a high redshift. The PA was cho- 
sen to go through a bright radio source 57 arcsec South- 
East. The 2D spectrum shows AMS18 has several faint emis- 
sion lines, which we identify as C II], Mg II and [O II] at 
2 = 1.017, so it is at a lower redshift than first expected from 
the crude photometric redshift. Note the weakness of the 
[O II] line, which suggests a faint AGN rather than some- 
thing similar to a radio galaxy. The same wavelength cal- 
ibration error discussed for AMS14 led to the red s hift o f 
AMS18 being incorrect in Marti'ncz-Sansi gre et alj i2005l) . 
The emission lines are those of an AGN, so this is probably 
a less-luminous quasar possibly hosted by a small galaxy, 
which is how it made it through our selection criteria. It 
is however, difficult to judge whether the lines are spatially 
extended, due to the low SNR. 

AMS19 The PA was chosen to be identical to the parallac- 
tic angle, as it is very faint in the near-infrared and the radio 
emission of AMS19 is point-like. This could mean a high red- 
shift, so we tried to maximise the blue light received. Indeed, 
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Figure 6. Optical spectra of objects in the sample which showed emission lines. The emission lines fiom which the redshifts were 
obtained are labelled, while tentative identifications of lines which have not used for the redshifts are labelled with a question mark. 
The corresponding two-dimensional spectra are shown underneath the one-dimensional ones as a visual help to find the emission lines. 
They have approximately the same scale in the horizontal direction as the one-dimensional spectra. The grey scale has been chosen to 
bring out low signal-to-noise lines and can lead to visual artefacts such as the strange change in continuum strength of AMS08. For the 
two objects observed in April 2005 {AMS04 and AMS13), the pixel scale in the dispersion axis was not the same for the blue and red 
arms, and so the two-dimensional spectra are not combined, just overlayed on each other. Particularly strong residual sky lines have been 
labelled in the one-dimensional spectra and are clearly visible in the two-dimesional ones. In AMS04, the sky lines are close to the N II] 
and C II] lines, making these two lines hard to detect in the grey scale image. The reader is assured that these two lines are detected 
and are not due to the residual sky lines. 
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Figure 6. Contined. 



in the two-dimensional AMS19 does not eve n show faint con- 
tinuum . However it was also observed by IWeedman et alJ 
l|200fi) with Spitzer IRS and is found to be at 2 = 2.25 from 
it's PAH and Silicate features. 

AMS20 This is a relatively bright source for our sample, 
and so is not expected to lie at a particularly high red- 
shift. The slit was placed at an angle so it would go through 
two fainter radio sources NW of AMS20 (19 and 55 arcsec 
away). The spectrum of AMS20 shows faint red continuum 
but no lines to allow us to obtain a redshift. Further study 
is required to determine whether this is a very bright high- 
redshift type-2, or more similar to AMS18, a faint, lower- 
redshift object. The lack of lines suggests z ~ 1.3 — 1.6. 
AMS21 The last source in our sample is relatively faint in 
at 3.6 pm and R-band. In this case, the PA was chosen to 
go through a fainter radio source about 25 arcsec E of the 
target. However, neither AMS21 or the other radio source 
have been detected in the optical spectrum. 



5 TYPE-2 SPECTRA 

Approximately half of the objects (10 out of 21) showed 
narrow emission lines and sometimes continuum (see Fig- 
ure |SJ. Ly a with full- width half maximum (FWHM) 
J; 2000 km s~^ was found in nine objects (with a redshift 
range 1.78 ^ 2 ^ 4.17) and high excitation lines such as 
CIV (1549 A) or Hell (1640 A) were also found in several 



objects (see Table^. In two cases (AMS03 and AMS17) we 
only found one emission line, which was taken to be Ly a 
by virtue of its extreme equivalent width, blue-absorbed line 
profile and lack of other lines supportive of alternative iden- 
tifications. The Ly a line of AMS03 is particularly spatially- 
extended. One object, AMS18, proved to be at z = 1.02, 
lower than expected from our selection criteria. AMS18 is 
still an AGN, so there is still no evidence of pure-starburst 
contamination. Only one object showed (very faint) contin- 
uum and no lines: AMS20. As mentioned in Sectional it will 
require more study to determine whether this object is sim- 
ilar to AMS18, is at 1.3^z;$1.7, or is at a higher-redshift 
object. If this object were a contaminant, like a z ~ 0.5 
ULIRG, it would have shown stronger continuum and the 
[O II] 3727 A line. It is important to insist on how faint our 
sources are: all objects, even those with emission lines in the 
R-band or showing some continuum, have iur ^ 22.5 (Vega), 
and most have ma ^ 23. The rest of the objects show blank 
spectra, confirming that there are no low-redshift contami- 
nants in our sample. A 2.61/* elliptical at z — 1.4 would have 
a continuum flux density of 1 x 10^^^ W m^^ A~^, at the 
limit of our sensitivity. AMS20, with faint red continuum, 
is therefore consistent with having an elliptical host galaxy, 
and being somewhere in the spectroscopic desert. 

The nature of the blank-spectrum objects is discussed 
further in Section|U] but we see that their blank optical spec- 
tra are consistent with host ellipticals at z^lA. If 24-fira 
flux density is a good tracer of narrow emission line strength. 
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15 



Line 



/A 



^obs 

(A) 



FWHM 
/km s^-*- 



Flux 
/W m-^ 



?10ilin 

/W 



Error in flux 

/% 



AMS03 2.698 ± 0.009 



Ly a 
Ly a 



1216 
1216 



4481 
4512 



1400 
550 



1.22 X lO-i** 
3.69 X 10-20 



35.86 
35.34 



AMS04 1.782 ± 0.001 



Ly a 
C III] 
N II] 
C II] 



1216 
1909 
2142 
2326 



3382 
5311 
5963 
6467 



1800 
1450 
2550 
1250 



5.01 X 10^1^ 

1.02 X 10"^^ 
1.16 X 10"^^ 
8.59 X 10-2° 



36.04 
35.35 
35.40 
35.27 



20 
18 



12 
21 
20 
28 



AMS05 


2.017 ± 0.006 


Ly a 


1216 


3658 


1250 


1.32 


X 


10-W 


35.59 


38 






C IV 


1549 


4681 


1000 


1.16 


X 


10-19 


35.53 


18 






Hell 


1640 


4952 


500 


3.16 


X 


10-20 


34.97 


41 


AMS08 


1.979 ± 0.004 


Ly a 


1216 


3622 


1900 


5.05 


X 


io-i« 


36.15 


15 






C IV 


1549 


4622 


1400 


4.49 


X 


10-20 


35.10 


23 






Hell 


1640 


4877 


900 


2.30 


X 


10-20 


34.81 


35 


AMS12 


2.767 ± 0.005 


Ly a 


1216 


4586 


650 


4.41 


X 


10- w 


36.45 


17 






CIV 


1549 


5824 


1150 


3.50 


X 


10-20 


35.35 


25 






Hell 


1640 


6181 


1100 


2.22 


X 


10-20 


35.15 


26 


AMS13 


1.974 ± 0.003 


Ly a 


1216 


3613 


1650 


9.88 


X 


10-ia 


36.44 


12 






C IV 


1549 


4611 


1300 


1.67 


X 


10-19 


35.67 


20 


AMS14 


1.794 ± 0.001 


Ly a 


1216 


3398 


1500 


3.69 


X 


10- w 


35.91 


18 






C IV 


1549 


4326 


600 


5.61 


X 


10-20 


34.92 


21 


AMS16 


4.169 ± 0.002 


Ly a 


1216 


6288 


1050 


3.19 


X 


10-i'J 


36.73 


12 






N V 


1240 


6406 


2050 


1.56 


X 


10-19 


36.42 


28 






C IV 


1549 


8009 


2050 


2.69 


X 


10-19 


36.66 


16 


AMS17 


3.137 ± 0.002 


Ly a 


1216 


5031 


1200 


2.89 


X 


10-19 


36.40 


16 


AMS18 


1.017 ± 0.004 


CII] 


2326 


4680 


1400 


8.19 


X 


10-20 


34.65 


25 






MgH 


2798 


5652 


3500 


1.14 


X 


10-19 


34.79 


44 






[OH] 


3727 


7527 


2200 


1.12 


X 


10-19 


34.79 


27 



Table 3. Table of emission line properties of the 10 objects with spectroscopic redshifts from our optical spectroscopy. The lines were 
fitted with gaussians to find X^bs^ FWHM, and the flux. For objects with several lines, the error quoted is the square root of the average 
variance. For objects with only one line, the error is assumed to be dominated by the fitting of a gaussian to the line. This in turn is 
dominated by the spectral resolution and the seeing. In two cases (AM S14 and AMS18) an error in wavelength calibration led to incorrect 
identification of lines and redshifts in lMartinez-Sansigre et alj l2005h . The error in flux (and luminosity) is the sum in quadrature of the 
photometric error (typically 10%), the error from the slit (typically 5%) and the uncertainty in the continuum. The FWHM is deconvolved 
by subtracting in quadrature the seeing from the observed size of the emission line. For lines with errors > 20% the measurements of the 
FWHM are not reliable, and the presence of broad lines (e.g. Mg II in AMS18) is therefore not significant. 



then we expect all our sources to have detectable Ly a lines 
if they lie at z ^ 1.7. In addition, the C IV (1549A) line 
is detected in six out of the nine objects with Ly a, and 
in the composite spectrum (see Section it has 36% of the 
flux of Ly a. Hence, some objects in the spectroscopic desert 
should also have detectable C IV lines. The two blank ob- 
jects brightest at 24-/.im have redshifts from Spitzer-IRS in 
the same range as the rest of the optical spectra, where we 
should have seen Ly a. This suggests that at least some of 
the blank objects are at redshifts high enough to have nar- 
row emission lines in the optical band, and that their spectra 
are blank for another reason. This reason could be that they 
have weaker emission lines, but they would have to be signif- 
icantly weaker than those of the narrow-line objects, despite 
having similar 24-^m fluxes. Another alternative, is that the 
narrow emission line region is itself obscured, as has proven 
to be the case from the Spitzer spectroscopy of AMS06 and 
AMS19. 



6 CRUDE PHOTOMETRIC REDSHIFTS 

As discussed in Section |3] for Ay ^ 10 the 3.6-/im flux den- 
sity should be dominated by light from the host galaxy's 
old stellar population. We estimated crude "photometric" 



redshifts for the entire sample by assuming the host galax- 
ies to be the progenitors of present day massive ellipti- 
cal gaIaM«S;_I2i6se_galajdes were taken from the models 
of iBruzual &: Charlod i2003l) . formed at z = 10 in a sin- 
gle starburst, with a Salpeter IMF ||Salpctcr, 1955) and a 
stellar mass of 3.8 x lO^^M©. Such host galaxies would be- 
come 2.6 L* galax ies in the local isT-band luminosity function 
iCole et al.Ll200ir . The justification for such an assumption 
is that radio- loud galaxies show a. K — z Hubble diagram con- 
sistent with_su£h_jnassn^^ galaxies (~ 3L* iJarvis et al] , 
l2001bl : lwrilott et al.Lf2003d) and evidence points to the host 
galaxies of g ~ 2 rad io-quiet quasars being ~ 2L* ellipticals 
iKukulaetHLbOOJ) . 

The scatter in true host luminosity means that individ- 
ually, the photometric redshifts are not necessarily close to 
the spectroscopic redshift, but they agree on average for 10 
of the 12 objects. There are two cases (AMS14 and AMS18) 
in which the photometric redshift is clearly overestimated. 
There are two possible explanations for this: a host galaxy 
which is smaller than the progenitors of ~ 2 — 3L* ellipti- 
cals, and so our mass is an overestimate, or a star-forming 
host-galaxy, in which case our elliptical galaxy template is 
not appropriate. For the objects that have spectroscopy, the 
mean and median values of Zphot are 2.75 and 2.65 respec- 
tively while the mean and median spectroscopic redshifts are 
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Figure 7. The spectrum of the type-1 quasar observed at the 
same time as AMS16. 



2.33 and 2.00 (2.29 and 2.00 if the Spitzer-IRS are included): 
this represents reasonable agreement for such a simple pho- 
tometric redshift estimation and gives us some confidence 
that we can estimate how many objects that remained un- 
observed or had blank optical spectra are at z ^ 2. To bring 
the median Zphot to the value of the median Zspcc one would 
have to change the mass of the elliptical to 2.9 x 10^^ Mq, 
which would correspond to the progenitor of a ~ 2L* ellip- 
tical galaxy instead of '^ 2.6L* . This would also bring the 
mean Zphot close to the mean Zspoc. The fact that, for the 
objects with emission lines, the "photometric" redshifts are 
roughly in agreement with the spectroscopic ones, suggests 
the host galaxies are the progenitors of massive ellipticals 
(>2L*). 

A possible source of error for our photometric redshifts 
would be the contribution of quasar light to S^.a/j-m, together 
with a large host galaxy. This could plausibly make us miss 
some z ^ 2 type-2 quasars, which wo uld only make the 
results of lMartinez-Sansigre et alJ i2005fl more striking. An- 
other source of error is if the host galaxy is not the progenitor 
of an elliptical, but a starburst (this possibility is explored 
in Section |5J. The old stellar population would then be less 
luminous, and Zphot would be overestimated. The lack of 
lower-redshift contaminants in our spectra gives us confi- 
dence that this is not a serious problem. 



7 COMPOSITE TYPE-2 SPECTRUM 



Following iRawlings et al.l 11200 If) , we proceeded to create a 
composite type-2 quasar spectrum by shifting the individual 
spectra to the rest-frame with the iraf task newredshift. 
The individual spectra were all scaled by their Ly a line flux 
and then averaged bin- by- bin with a sigma-clipping rejection 
algorithm with the clip set to ±1.5o". The object at z — 1.02 
was therefore not included as there was no way of scaling it 
consistently. The composite of 9 objects is shown in Figure|3] 
and shows strong C IV (1549 A) and He II (1640 A) as weU 
as Ly a (1216 A) lines. C II] (2326 A) and Mg II (2798 A) 
are also detected. 

Table|l|shows the line fluxes relative to Ly a. We can see 
C IV , He H and C II] are clearly detected, with relative val- 
ues of 0.36, 0.09 and 0.09. In addition we see that the Mg II 
line is present, with a relative line flux of 0.05, while the N V 
(1240 A) and C HI] (1909 A) are not detected. The Mg II line 



Zspcc 

Figure 8. Comparison between crude photometric and spectro- 
scopic redshift for the objects with redshifts. Triangles are objects 
with narrow-lines in our spectroscopy, squares are objects with 
redshifts from Spitzer-IRS only. We see a large scatter, and indi- 
vidually the photometric redshifts are of no use. On the whole, 
the agreement is reasonable except for two objects (AMS14 and 
AMS18). This means that the objects with spectroscopic redshifts 
in our sample are consistent with having massive elliptical galax- 
ies as hosts. 



must be detected at low SNR in several individual spectra 
to make it detected in the composite. C HI] is only detected 
in one of the objects making the composite and this could 
be due to the fact that at z J^ 2 it is shifted to A ^ 5700 A, 
where it falls near the dichroic cross-over region used in the 
July 2004 observations. AMS04 has C HI] and is at « = 1.78, 
but it was observed using a 5300 A dichroic. The N V line is 
only present in AMS16. This composite spectrum is similar 
to that found for high-re dshift radio galajcies (e.g McCarthy , 
1993, and more recentlv lRawlines et all I2OOII : iJarvis et al.L 
120018^ . except that the rel ative strength of C IV is a factor 
of ~ 3 higher here than in lMcCarthl lll993t). The C I I] line 
is stron ger by a factor of 3 compared to i McCarthvl il993l) 
and the ljarvis et al.l (|2001a|) value for radio galaxies with a 
projected linear size , D, > 70 kpc, but consistent with the 
Ijarvis et alJ ^2001a^ value for radio galaxies with D < 70 
kpc. 

Comparing these ratios wit h iMcCarthvl il993f) : 
iRawlines et alJ ||200J) : IJarvis et all (|20wJ~we find that 
they are broadly similar to those of powerful radio galaxies 
exc ept C IV is significantly stronger, even stronger than for 
the lMcCartlivIl 19931 Scyfert-2 galaxies. The C II] is similar 
to the ljarvis et alJ l|2001a|) value for radio galaxies with D < 
70 kpc. This might be an indication of a more complicated 
line-emission mechanism than simple photoionisation from 
a central engine, some of the ionisation might be happcnin^ 
as a result o f jet activity (see for example Best et al., 200' 
JJarviset alll2001aD . 

Comparing our composite type-2 to four individual 
high-redshif t type- 2s from the literature, we find that the 
IStern et al.l ll2002l) type-2 (z = 3.288) has Ly a, C IV 
and He II ratios similar to our composite (100:19:9), with 
slightly strong e r C I V(relative to the other two lines). The 
iMainieri et"al] (|2to3) object {z = 3.660) has a Ly-a-to-C IV 
ratio (100:14) very similar to that of our composite and the 
IJarvis et all (l2005ll type-2 (z = 1.65) has a C IV to He II 
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Figure 9. Composite type-2 quasar spectrum. This has been 
made as described in Section |2l and it shows Ly a, particularly 
strong C IV, He II, C II] and Mg II. C III] is present in one 
individual object, and might be present in more but at ^ ~ 2 
it falls around the dichroic cross-over region, so the noise might 
be too high to detect it. All the lines detected in the composite 
and in individual objects, except for Mg II, arc present in the 
observations of IRAS FSC 10214+4724 LScricant ct al...l998.) . 



rati o (1:1) also in very Ro od agreement with our composite. 
The lNorman et alJ ^^^ type-2 sX z = 3.700 has substan- 
tially weaker Ly a relative to C IV and He II (100:60:17); it is 
more similar to AMS16, for example, than to the composite. 
We therefore find very good agreement with the individual 
high-redshift type-2s from the literature and our sample. 

Somewhat surprisingly another characteristic in com- 
mon with radio galaxies is that all objects which show Ly a 
have at least some extended emission (in particular AMS03, 
AMS04, AMS08, AMS13 and AMS16 have very extended 
Ly a emission). AMS12 seems to have two Ly a compo- 
nents: a bright, spatially-unresolved "peak" sitting on top 
of a spatially-extended fainter "plateau". Also, AMS13 and 
AMS16 have other lines which are spatially extended (C IV 
and N V respectively). In AMS04, the Ly a is ~ 5.5 arc- 
seconds in size (once deconvolved from the seeing), which is 
larger than the VLA beam size. For the other cases, we can- 
not currently tell whether the emission lines extended over 
regions larger than the radio emission. These characteristics 
all remind us of classic radio loud sources despite their rel- 
atively low radio flux densities, so in Section |H] we proceed 
to compare our type-2 quasars with radio loud objects. 



8 COMPARISON TO RADIO-LOUD OBJECTS 

The mean radio flux density of the sample at 1.4 GHz is 
780 /iJy, which at the mean spectroscopic redshift z — 
2.33 corresponds to a radio luminosity of Li,4 ghz = 2 x 
10^'* W Hz~^ sr~^ (assuming a spectral index a = 0.8, 
where L ex. u~°'). This is well below the break in the 
RLF llWillott et al.L Il998fl and in the regime where typi- 
cal radio-selected objects have Fanaroff- R iley Class I (FRI) 
radio structures IIFanaroff fc Rilevl Il974l) . There is also lit- 
tle direct evidence of associated optical quasar activity 
JGrimes et all l2004ft and weak or absent emission lines sug- 
gesting that, whether or not obscuring tori exist in this 



Line This 

Sample 



RG 



McCarthy (1993) 
Syll 



QSO 



Ly a 


100 


100 


100 


100 


CIV 


36 


12 


22 


8 


Hell 


9 


10 


4 


5 


CII] 


9 


3 


- 


4 


Mgll 


5 


3 


4 


23 



Table 4. Com parison between t he line ratios of this sample and 
those found bv lMcCarthvl ll993l) for radio galaxies (RG) Seyfert- 
2s (Syll) and QSOs. The line fluxes are quoted as a percentage of 
the Ly a flux. The He II, C II] and Mg II are roughly consistent 
with the radio galaxy values, but the C IV is significantly brighter, 
even brighter than found in Seyfert-2s. 



class of objects l|Chiaberge et al.l. IQQQj), any associated 
quasa r is accreting at a very low rate ( Rawlines fc Saundera. 
Il22il)- However, considering that F RIs have occasionally 
been found to accrete at high rates JBlundell fc Rawlingsl 
BflOy), we proceed to investigate the possibility of our objects 
having similar properties to radio-loud objects. 

One typical characteristic of radio-loud objects is the 
presence of extended jets on scales larger than the host 
galaxy. Figure |S] shows that most of the type-2 quasars 
shown in this paper are point-like in the VLA observations 
(~ 5-arcsec resolution). In the few cases where the radio 
flux is extended, it generally coincides with another galaxy 
in the R band or 3.6 /xm images. However, if there is diffuse 
flux on large scales, the relatively long baselines of the VLA 
B-array could miss it out, so we would not see large jets. 

The Westerbork Synthesis Radio Telescope (WSRT) 
has also observed at 1.4 GHz the central re gion of the FLS, 
with an angular resolution of ~ 14 arcsec iJMorganti et al.L 
l2004). The shortest baselines of the WSRT are smaller than 



those of the VLA in B-array and this enables it to pick up 
flux on more extended scales, so any extended sources will 
have a significantly higher fiux density in the WSRT cata- 
logue than the VLA one. Thirteen of our targets are within 
the area observed by the WSRT: the fluxes are shown in 
Table El The rest of o ur sample was outside the area cov- 
ered by the survey of iMorganti et alJ (|200J)- Most of the 
objects in Table El have consistent fluxes and therefore are 
unlikely to have a significant fraction of their radio fiux in 
extended jets. AMS04, however has a fiux density as mea- 
sured by WSRT which is 65% higher than that measured by 
the VLA, suggesting the presence of jets. The 3.6 /xm-radio 
overlay (FigurejKJ shows there is another radio source within 
the WSRT beam, and there is a hint of a faint galaxy which 
does not match the radio position perfectly. The companion 
radio source has a fiux density of 331 fiJy, so the WSRT flux 
density is clearly the sum of these two individual sources. 
If this is indeed due to another galaxy, then the WSRT is 
confusing both sources. However, we cannot be certain that 
the adjacent radio source is independent and due to another 
galax;y, so there is a chance that AMS04 has an extended jet 
with a fiux density comparable to that of the central source. 
The type-2s with the highest flux densities (AMS03, 
AMSIO and AMS13) all have more flux as observed by 
WSRT. Once again, however, there is a radio source with 
a clear optical (and infrared) ID next to one of the objects 
(AMS03), with a fiux density of 203 ^Jy, so the WSRT fiux is 
consistent with the sum of the two confused sources, within 
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name 5vla i.4GHz ^-vla ■^wsrt i.4GHz ""wsrt 



AMSOl 


490 


31 


499 


19 




AMS02 


1184 


55 


1209 


17 




AMS03 


1986 


87 


2370 


16 




AMS04 


536 


72 


887 


13 




AMS05 


1038 


49 


1017 


12 


o 


AMS06 


444 


31 


380 


14 


7i 



AMS07 


354 


27 


289 


10 




AMS08 


655 


36 


679 


12 


o 


AMSIO 


1645 


73 


1911 


11 


OJ 


AMSll 


356 


29 


253 


9 


id 


AMS13 


1888 


83 


2076 


14 


^ 
^ 


AMS18 


390 


29 


351 


23 




AMS19 


822 


41 


783 


15 





Table 5. Comparison between the radio flux densities of the VLA 
in B array (beam size ~ 5 arcsec) and the WSRT fluxes (beam 
size ~ 14 arcsec). We can see that the two flux densities agree 
within 3-(T in all but two cases. Only AMS03 and AMS04 are not 
consistent, but examination of the VLA B-array images shows 
this is due to confusion. In the case of AMS03 it is clearly due to 
another radio source, while in the case of AMS04, it is not yet 
clear whether the confused flux density is from another source or 
from a diffuse radio component. 






V^WSRT '^VLA//l^ WSRT^^ VLA/ 

Figure 10. Normalised flux density difference distribution. This 
is computed as described in the test, and should match the gaus- 
sian distribution with a = 1 (inner gaussian). This is clearly not 
the case, but it matches reasonably well somewhere between the 
CT = 1 and cr = 2 gaussians. 



their errors. The flux of AMS13 is consistent in both tele- 
scopes to within 2a and AMSIO is consistent within 3cr. 
Although 3a might appear poor agreement, the reader is re- 
minded of the highly spatially correlated nature of the noise 
in interferometer images, meaning the usual interpretation 
that only 0.5% of measurements should differ by 3cr is not 
appropriate here. The central frequencies of both observa- 
tions are not exactly the same: however, this small difference 
in frequency can only account for~ 2% of the flux difference. 
To analyse the differences in ffux density between both 
interferometers, we computed the normalised flux density 
difference: the measured flux density difference divided by 
the sum in quadrature of the la errors of Tabled (Swsrt — 
SvLA)/(a|vsj^rj, -I- avLA)^''^) S'lid plotted it in Figure Hill For 
AMS03 and AMS04, we remove from the WSRT ffux density 
the VLA ffux density of the adjacent radio sources. Over- 
plotted on the distribution are two gaussian distributions, 
one with a = 1, another with a = 2. If there is no sys- 
tematic difference between the two measurements, the plot 
should look like the gaussian distribution with a = 1, cen- 
tred around 0. We see that this is clearly not the case, so 
the flux densities from both surveys are not consistent with 
random noise of variance a^ — a^ygp^^ -I- avLA- However, the 
distribution roughly agrees somewhere between the a = 1 



and a = 2 gaussians (with a 



-4 X (awsRT + o-vla))- 



This suggests that the measurements from the WSRT and 
VLA are consistent provided the effective errors are taken 
to be larger (but still less than twice) the RMS value of 
the noise. We therefore conclude that there is no firm evi- 
dence of extended radio emission around any of the 13 ob- 
jects observed by both interferometers (other than possibly 
AMS04). The angular resolution of the VLA observations (5 
arcsec) gives us an upper limit on the size of any jets. At 
z = 2 this corresponds to a jet size ;$ 40 kpc. 

Another known characteristic of radio-loud galaxies is 
the presence of extended line emission on similar scales to 
those of the radio jets. We have not only found that the com- 



posite spectrum resembles that of radio galaxies, but several 
of our objects show significantly extended Ly a (AMS03, 
AMS04, AMS08, AMS13 and AMS16) and some have other 
extended lines (AMS13 and AMS16). In some objects (e.g. 
AMS16) the slit was placed along the direction of the slightly 
elongated radio axes, meaning that the emission lines could 
be extended along a hypothetical jet. In most cases, how- 
ever, the slit PA was chosen for other reasons, so that any 
alignment with hypothetical jets would be coincidence. This 
suggests that any extended line emission is more likely to be 
associated with the remnants of a merger, which could have 
triggered the central engine, rather than an extended radio 
jet (something that has a lso been seen in radio galaxies, e.g 
IVillar-Martm et all IJOOsI) . 

The line ratios and the spatial extent of high-excitation 
lines of our objects seem to have some similarities to ra- 
dio galaxies, as we have discussed in Section Q The [O III] 
line is an excellent indi cator of the stre ngth of the underly- 
ing quasar continuum (Simpson, 1998a), so we now use the 
iMcCarthvl lll993) radio galaxy line ratios to convert our line 
luminosities to [O III] (5007 A) luminosities, t o compare our 
results to the radio-loud samples discussed bv lGrimes et alJ 
(2004). Wc converted the Ly a line to [O III], and when C IV 
is present we also converted that line. This yields two differ- 
ent estimates for the [O III] luminosity which are likely to 
be quite different, giving us a handle on the possible system- 
atic errors in converting to [O III] luminosity, given that our 
compo site spectrum has some differences with the McCarthy! 
il993r radio galaxy composite. The lMcCarthvl il993l) ratios 
are ([O III]/C IV)rg = 2.38 and ([O III]/Ly q)rg = 0.28. 
We also convert radio ffux at 1.4 GHz to luminosity at 151 
MHz, assuming a spectral index a\fi = 0.8 (where flux den- 
sity oc i'~°')- The values obtained are shown in Table|S| 



Figure lTTl shows how our objects sit on the L151 —L 



[OIII] 



plane. The solid line shows the best flt line for the radio-loud 
g alaxies from the 3CR R,6CE and 7CRS samples (Figure 4 
of lGrimes et al.ll2004^ . The region between the dashed lines 
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name 


line 


logioL[oiii] 


logioLisi 




used 


/W 


/W Hz-i sr -1 


AMS03 


Ly a 


35.3 


25.6 


AMS03 


Ly a 


34.8 


25.6 


AMS04 


Ly a 


35.5 


24.7 


AMS05 


Ly OL 


35.0 


25.1 


AMS05 


C IV 


35.9 


25.1 


AMS08 


Ly a 


35.6 


24.8 


AMS08 


C IV 


35.5 


24.8 


AMS12 


Ly a 


35.9 


25.3 


AMS12 


C IV 


35.7 


25.3 


AMS13 


Ly a 


35.9 


25.3 


AMS13 


C IV 


36.0 


25.3 


AMS14 


Ly a 


35.4 


24.4 


AMS14 


C IV 


35.3 


24.4 


AMS16 


Ly a 


36.2 


25.4 


AMS16 


C IV 


37.0 


25.4 


AMS17 


Ly a 


35.8 


25.3 



Table 6. Data used to plot Figure lTTl The second column states 
which lines were used to estimate the [O III] line strength. The 151 
MHz luminosities were estimated from the 1.4 GHz flux densities, 
assuming a spectral index oj^5* = 0.8 between 151 MHz and 1.4 
GHz. 



encompasses all of the radio loud objects, so all our objects 
except AMS03 lie in a different region to tfiem. However, 
some important details must be remembered. First, we liave 
assumed all our sources to be steep spectrum (qiIi^ = 0.8), 
something for we have no current evidence. The true value of 
Qi5* is unlikely to be much larger (i.e. steeper) but objects 
with flatter true spectra will actually have lower L151 than 
shown here. In addition, the ^[oiii] for all of the objects has 
been e stimated using the radio-galaxy ratios from lMcCarthvl 
l|l993r which have Ly a relative to C IV or He II system- 
atically brighter than in our sample. The objects for which 
we have estimated -£/[oiii] from Ly a (such as AMS03) are 
likely to have true I/[oiii] values brighter than those shown 
here. Finally, the dashed lines in Figure lTTl are not ±1(t loci, 
they are the lines that encompass the entire radio-loud pop- 
ulation (i.e. they could be considered ~ So" contours). Once 
these details are taken into consideration, one sees that all 
the possible systematic errors would only lead to brighter 
[O III] lines and fainter luminosity at 151 MHz. Only two 
objects are anywhere near the radio-loud samples: AMS03 
and AMS05. The first object has two different Ly a lines, 
and although we have used both for comparative reasons, 
the weaker of the two lines (the narrower line of the two) is 
unlikely to originate from an AGN, the stronger line should 
be looked at. The Ly a line of AMS05 has a large uncer- 
tainty in it's flux measurement and is likely to be missing 
some flux since it was observed at a high airmass. 

The sample presented here has typical [O III] luminos- 
ity (in logs) of 35-36. This is compa r able t o the radio-loud 
quasars in Figure 4 of lOrimes et al.l (l2004fl . however, for a 
similar value of I/[oiii], the sample presented here has a I/151 
fainter by a factor of 100. It therefore differs from typical 
radio-selected objects in several respects: once the obscura- 
tion of the quasar nucleus is accounted for, they have the 
high accretion rates of typical quasars, but relatively low 
radio luminosities. The radio luminosities of these objects 
show that these are the radio-bright end of the radio-quiet 
population, or 'so called' radio-intermediate quasars. 
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Figure 11. Comparison to Figure 4 of lGrimes et al.l |200j). The 
symbols represent which line has been used to convert to [O III]: 
filled circles for Ly a, empty circles for C IV. The solid line repre- 
sents the best fit to t he radio-loud samples (3CRR, 6CE, 7CRS) in 
iGrimes et alj 12004^ . with the dashed lines representing the loci 
which encompass all the radio-loud sources (so similar to itScr 
contours) . 



9 DISCUSSION 

We have found a set of selection criteria that yields a popu- 
lation of radio-quiet type-2 quasars at 2; '^ 2. About half of 
the objects in this sample show emission lines in their optical 
spectra. The ratios of these emission lines are similar to those 
of radio galaxies with the main difference that the C IV line 
of type-2 quasars is much stronger and consistent with indi- 
vidual high-redshift type-2 quasars from the literature. The 
Ly a is often spatially-extended, as are sometimes the high 
ionisation lines. This suggests that some of the line emission 
originates outside the classic narrow-line region, but whether 
this is due to jet activity or remnants of a merger cannot 
be deduced here. To further compare the type-2s to radio 
galaxies and radio-loud quasars, we compare their location 
on the L151 — L[oni] plane, and find significant differences. 
The type-2s have I/[oni] comparable to radio-loud type-1 
quasars, while being fainter at radio wavelengths by a factor 
of ~ 100. In addition, the type-2s presented here show no 
signs of large extended jets (except possibly AMS04). Fi- 
nally, comparison between our rough photometric redshift 
estimation, which assumes 2. 61/* host galaxies and our spec- 
troscopic redshifts suggests that the objects in our sample 
which yield optical spectra are consistent with having host 
galaxies which are massive ellipticals. In particular changing 
our model elliptical from 2.61/* to 2L* would bring agree- 
ment to the median Zphot and 2apec, and close to agreement 
for the mean Zphot and Zapec- We have therefore found a pop- 
ulation of classic (radio-intermediate) type-2 quasars, show- 
ing only narrow-lines with, presumably the torus blocking 
direct view of the quasar along our line-of-sight. We refer to 
these objects as 'torus-obscured' type- 2s. 

The lack of objects with spectroscopic redshifts around 
z ^ 1.5 could plausibly be due to the Ly a line being below 
the atmospheric cut-off, but C IV is detected in most of 
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the higher-z objects (and He II and C II] are sometimes 
detectable) so the lack of objects at this redshift may instead 
be associated with the silicate absorption feature falling on 
the 24- /xm band, as discussed in Section |21 

Of the remaining 11 objects, 10 show completely blank 
spectra and only one shows faint red continuum (AMS20). 
Their faint 3.6 /xm flux densities and large R-band mag- 
nitudes suggest these are high redshift objects just like 
the 'torus-obscured' objects. In our 30-minute integrations, 
type-1 quasars would have shown extremely bright contin- 
uum and lower-redshift {z ^ 1) starbursts would have shown 
[O II] line emission or at least some strong continuum. Thus 
our sample does not suffer from any contamination: these 
blank objects are probably also high-redshift type-2 quasars. 

Some of these 11 objects could be at 1.4 ^ 2 ^ 1.7 
with the C IV or He II lines too faint to be detected, al- 
though we have seen that 24-/im selection might disfavour 
this particular range of redshifts. The remaining objects are 
presumably obscured by dust on a large scale (~10pc-lkpc), 
which hides the narrow-line region as well as the broad-line 
region. Such concentration of dust is characteristic of star- 
forming regions, so we are presumably seeing either a nuclear 
or a galaxy-scale starburst. From their blank optical spectra 
we know that these objects are indeed at high redshift and 
therefore their mid-infrared flux density is characteristic of 
objects accreting at a high rate, while their radio flux den- 
sity is too high to originate only in star-forming regions and 
must be due to an AGN. In two cases (AMS06 and AMS19), 
published mid-infrared spectra confirm these objects to lie 
in the correct redshift range. In the other nine cases, de- 
spite the lack of lines to pinpoint their exact redshift, we 
are confident that these blank objects are type-2 quasars 
at high redshift. The obscuration, however, is not entirely 
due to an orientation effect, like for 'torus-obscured' objects, 
but due to the host galaxy, and so we refer to these objects 
as 'host-obscured' type-2s. At this stage, however, we can- 
not differenciate between dust at scales of ~10 pc or ~1 
kpc. Such objects, lacking AGN emission lines in the optical 
spectra, h ave been found at lower redshift in the samples of 
iLacv et a l. (2004, 2005a) and Lciuski et al. (2005). 

It is therefore not surprising that the Ly a (whether 
from the narrow-line or star-forming regions) in the host- 
obscured type-2s is too obscured for our exposure times 
(30 minutes) with a 4-m telescope: Successful spectroscopy 
of sub-mm galaxies in the blue requires very long inte- 
grat ions (1.5-6 hours) wit h 8-m or 10-m class telescopes 
fe.g. lChapman et al.L 1200511 . We do note that AMS03 shows 
spatially-extended Ly a, no other lines and no continuum, so 
there is a chance this object is host-obscured and the second 
Ly a li ne traces the starburst: this re quires further study. 

In lMartinez-Sansigre et all ll2005ll . the type-2 to type-1 
ratio at z ^ 2.00 was modelled by predicting the number 
of type-1 quasars which would follow the 24-/im and radio 
criteria. The 3.6-fim criterion was simply assumed as a way 
of rejecting type- Is as well as providing a rough photometric 
redshift. The number oi z ^ 2.00 type-1 quasars meeting the 
24-^m was predicted from the B-band luminosity function 
oflWolf et al. (2003), converting from B-band to 24- /im us- 
ing the IRowan-Robi nsorJ (11995 1) SE P. The optical-to-radio 
correlation of lCirasuolo et all ll2003f) was then used to pre- 
dict what fraction of the 24- /im detected type- Is would also 
meet the radio criterion. This modelling predicted 4.3^jj 




Figure 12. Schematic Representation of the three types of 
quasar. The empty ellipses represent a transparent host galaxy, 
while the filled ellipses representing dusty ones. The solid circle 
represents the torus around the quasar. A is hosted by a trans- 
parent galaxy, and since we are viewing the torus face on, we can 
see the broad line region. It is a type-1 quasar. B is also hosted 
by a transparent galaxy, but since the torus is edge on, we only 
see the narrow line region. This is a torus-obscured type-2. C has 
a favourable geometry, while in D the torus is in the line of sight, 
but since both are obscured by large scale dust in the galaxy, 
we cannot see the central region, so they are b oth host-obscured 
type-2s. From JMartinez-Sansigre et al.L |200,'J) the ratio of B to 
A is '^1:1, while the ratio of B,C and D (together) to A is ~2-3:l. 
We note that although we are calling C and D 'host'-obscured, 
the dust could plausibly be due to a nuclear starburst, with a 
characteristic scale ~ 100 pc, as well as a galaxy-scale starburst. 



such type-1 quasars, at z ^ 2.00 and in our 3.8 deg field. 
There are 5 narrow-line objects in our sample with spec- 
troscopically confirmed z ^ 2.00, and the quasar type-2 
to type-1 ratio for narrow-line (torus-obscured) type-2s and 
type-1 quasars is therefore ~1:1. For the blank objects, the 
crude photometric redshifts can be used to estimate, on av- 
erage, how many blank (host-obsc ured) objects are at z ^ 2 . 
There are 6 such objects, and so in JMartinez-Sansigre et al.l 
i2005i) the ratio of total number of type-2s (host- and torus- 
obscured) to type- Is was estimated to be 11/4 or ~3:1. 
Since then AMS06 has been shown spectroscopically to lie 
at z ^ 2.00 the current number of objects at 2 Js 2.00 is 10. 
From the errors in the modelled number of type-1 quasars, 
and the Poisson errors in our sample, the ratio of type-2 to 
type-1 quasars is found to be 2.3l'lj'2- ^^ ^ future paper we 
will calculate better photometric redshifts, to try and obtain 
a more reliable estimate of the quasar fraction at 2 ^ 2. 

The 'two types of type-2' quasar, and a type-1 quasar 
are schematically represented in Figure H^ For a quasar to 
be of type-1 it has to lie in a relatively dust free galaxy (a 
'transparent' galaxy) as well as having a favourable orien- 
tation to the torus (case A in Figure H^ . A quasar in a 
transparent galaxy, with an unfavourable angle to the torus 
will not outshine its host galaxy, but the narrow-line re- 
gion will still be visible (case B: a torus-obscured type-2). 
When the host galaxy is dusty enough to obscure the quasar 
(cases C and D) it is no longer possible to see the central 
region, whether we have a favourable angle to the torus (C) 
or not (D). Objects of case C and D are likely to yield blank 
spectra, and are indistinguishable from each other with the 
current dataset. Observations at radio frequencies, however. 
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could shed some light on the orientation if radio jets are 
present. 

This simple picture is likely to be applicable only to 
radio-quiet objects, since the powerful radio j ets are likely 
to be capable of removing dust on large scales JBaker et al.L 
l2002l: IWillott et aLllJOOai . Therefore, although the ratio of 
type-2 to type-1 is likely to be ~2-3:l for radio-quiet sam- 
ples (and for all non-radio-selected samples, since radio-quiet 
objects will dominate), it should be closer to 1:1 for radio- 
loud samples. Thus radio-loud samples will have few 'host- 
obscured' quasars (cases C and D, althou gh some are prob- 
ably present in the sample of |Willott ct all l200lt) and the 
quasar fraction measured in these radio-loud samples will 
be dominated by the geometry of the torus. This picture is 
therefore consistent with the ratio of narrow-line to broad- 
line quasars predicted by unified models and found for radio- 
loud objects (~1:1 e.g Willott et al., 2000). 

Inferring a type-2 to type-1 ratio ~2-3:l for the sample 
presented in this ar ticle does not dis a gree with the re ceding- 
torus models (e.g. iLawrenca Il99ll : ISimpsonL |2003), since 



the obscuring mechanism for 'host-obscured' type-2s is unre- 
lated to the torus orientation or geometry. The ratio of torus- 
obscured (B) to type-1 (A) quasars predicted for our sample 
is ~1:1 ( and indeed consistent with the receding-torus: Fig- 
ure 2 of iMartinez-Sansigre et alll200!^^ . This phenomenon 
of host-obscuration might also be present in the Seyfert-2s 
at 2; ~ 1 that dominate the hard X-ray background, in which 
case care must be taken to separate the obscuring mecha- 
nism necessary to explain the AGN dominating the X-ray 
background from modifications to the unified schemes such 
as the receding torus. 

The ratio of ~2-3:l found for this sample is similar to 
the ratio required for Seyfert-2s to Seyfert-ls at 2: ~ 1 to 
fit the hard X-ray background, although a ratio ~2-3:l for 
the quasars is not required by the hard X-ray background 
JUeda et al.Ll2003l : lTreister fc UrrvlboOSi) . We do note, that 
due to the range in gas-to-dust ratios, some of the X-ray 
obscured quasars that contribute to the hard X-ray back- 
ground are not necessarily type- 2s in the optical sense (they 
might only be reddened quasars with Ay ~ 1 — 3 but a large 
gas-to-dust ratio). However, at least in our sample, we find 
the ratio of all type-2s (B, C and D) to type-1 (A) is ~2-3:l: 
a higher type-2 to type-1 ratio than is found in deep X-ray 
surveys. This suggests that indeed, 24-/im selection can find 
type-2 quasars that X-ray selection in the 2-10 keV band has 
not been able to detect, and therefore a number of the type- 
2 quasars presented here should be Compton-thick. This, of 
course, can be tested via X-ray follow-up of this or a similar 
sample. 
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